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SUMMARY OF F I N D I N G S  
I n  response  t o  t h e  i n c r e a s i n g l y  s i g n i f i c a n t  e f f e c t s  
of u n p r e d i c t a b l e ,  y e t  f r e q u e n t l y  o c c u r r i n g  on-freeway 
capaci ty- reducing i n c i d e n t s  such a s  a c c i d e n t s  and break-. 
downs, t h i s  r e s e a r c h  was d i r e c t e d  toward s e v e r a l  a s p e c t s  
of automat ic  i n c i d e n t  d e t e c t i o n  u t i l i z i n g  t h e  Lodqc Freeway 
s u r v e i l l a n c e  and c o n t r o l  system. P a r t i c u l a r  emphasis was 
p laced  on elements  necessary  f o r  prompt and a c c u r a t e  de tec -  
t i o n  and c o n t r o l  system response ,  A system of  a c t i v i t i e s  
and e v e n t s  and a  model were s t r u c t u r e d  t o  a s s i s t  e n g i n e e r s  
i n  t h e i r  a n a l y s i s  of v a r i o u s  p o s s i b l e  i n c i d e n t  d e t e c t i o n  
and response  systems.  O b j e c t i v e s  and f i g u r e s  o f  merit f o r  
i n c i d e n t  d e t e c t i o n  systems were enumerated. E x i s t i n g  systems 
used i n  i n c i d e n t  d e t e c t i o n  were c h a r a c t e r i z e d  and e v a l u a t e d  
i n  terms of  t h e  e v e n t  t ime model s t r u c t u r e .  
Data f o r  t h i s  s tudy  were ga the red  us ing  t h e  e x t e n s i v e l y  
ins t rumented  syst,em on t h e  John C, Lodge Freeway i n  D e t r o i t  
w i t h  1 3  d e t e c t o r s  l o c a t e d  a t  f o u r  s t a t i o n s  spaced from 0 .3  
t o  0 .9  m i l e  a p a r t .  T r a f f i c  volume and occupancy d a t a  were 
r e g u l a r l y  compiled f o r  s u c c e s s i v e  one-minute i n t e r v a l s  d u r i n g  
weekday a f t e r n o o n  peak p e r i o d s  by an  IBM 1800 computer 
system l o c a t e d  a t  a  e o n t r o l  c e n t e r .  Informat ion  on i n c i d e n t s  
was ob ta ined  by t e l e v i s i o n  s u r v e i l l a n c e  w i t h  n i n e  cameras 
spaced a long  t h i s  two m i l e  s e c t i o n  of  t h e  Freeway. 
The r e c o r d  o f  on-freeway i n c i d e n t s  r ecorded  by t e l e -  
v i s i o n  o b s e r v e r s  d u r i n g  1969 was s t u d i e d  and a r e p r e s e n t a t i v e  
sample o f  50 peak p e r i o d  i n c i d e n t s  ( i n c l u d i n g  18 a c c i d e n t s )  
f o r  which a l l  r e q u i r e d  d a t a  were adequate  was s e l e c t e d  f o r  
f u r t h e r  a n a l y s i s .  P r e v a i l i n g  l a n e  volumes ranged from 1 2 0 0  
t o  2 0 0 0  v e h i c l e s  p e r  hour and occupancies  from n i n e  p e r c e n t  
t o  4 5 % .  Opera t ions  ranged from f r e e  f lowing  t o  conges ted .  
A l l  o f  t h e  i n c i d e n t s  g e n e r a t e d  some conges t ion  w i t h  f low 
r e d u c t i o n s  r a n g i n g  from t e n  p e r c e n t  t o  60% and averag ing  21%. 
These i n c i d e n t s  g e n e r a l l y  blocked o n l y  one l a n e ,  had a  
t y p i c a l  on-freeway d u r a t i o n  o f  6.1 minutes ,  and g e n e r a t e d  
an  average  of t e n  minutes  of  conges t ion .  The i n c i d e n t s  were 
found t o  be uni formly d i s t r i b u t e d  over  t h e  f o u r  peak hours .  
The r e l i a b i l i t y  of  r ecorded  t e l e v i s i o n  s u r v e i l l a n c e  
i n c i d e n t  o c c u r r e n c e  times a s  a b a s i s  f o r  measuring t h e  
e f f e c t i v e n e s s  o f  au tomat ic  i n c i d e n t  d e t e c t i o n  approaches  was 
s t u d i e d .  More t h a n  50% of  t h e  i n c i d e n t s  were d e t e c t e d  f i r s t  
by t h e  au tomat ic  system, a f r a c t i o n  t h a t  should  be zero .  
Hence, a11 time v a l u e s  were r e l a t e d  t o  t h e  minute  when 
c o n g e s t i o n  was f i r s t  recorded  a t  one of t h e  s t a t i o n s  nea r  
t h e  i n c i d e n t  s i t e .  
To compare i n c i d e n t - f r e e  and i n c i d e n t  o p e r a t i o n s ,  f low 
d a t a  for eight days of d ry  weather  and f o u r  r a i n y  days 
were compiled. 
E i g h t  cand ida te  d e t e c t i o n  models were eva lua ted .  F ive  
of  t h e  models had been s t u d i e d  by t h e  Texas Transpor ta t . ion  
I n s t i t u t e  ( T T I )  i n  i t s  1968 r e s e a r c h  on t h e  Lodge Freeway. 
One model s t u d i e d  was developed by t h e  C a l i f o r n i a  Div i s ion  
of  Highways and two were f i r s t  developed by The Univers i ty  
of  Michigan, The f i v e  models developed by T T I  were c a l i -  
b r a t e d  w i t h  t h e  1 2  days of 1969 i n c i d e n t - f r e e  o p e r a t i o n a l  
d a t a  and t e s t e d  a g a i n s t  t h e  50 i n c i d e n t  sample. The c r i t i c a l  
v a l u e s  of t h e  parameters  were e s t a b l i s h e d  f o r  a  f a l s e  alarm 
r i s k  l e v e l  of  one p e r c e n t  based on i n c i d e n t - f r e e  operatlions 
f o r  r a i n y  and c l e a r  days t r e a t e d  s e p a r a t e l y .  The e f f e c t i v e -  
ness  of t h e s e  models i n  d e t e c t i n g  an i n c i d e n t  d u r i n g  t h e  
r e s u l t i n g  conges t ion  ranged from 3 2 %  t o  9 0 % .  
S t u d i e s  showing t h e  independence o f  t h e  two b e s t  T T I  
models led t o  a  d e c i s i o n  t o  combine them i n  a Composite 
Model u t i l i z i n g  t h e  d i s t r i b u t i o n  of k i n e t i c  energy among 
t h e  l a n e s  a t  a  s t a t i o n  and t h e  s imul taneously  recorded 
d i f f e r e n c e  i n  o p e r a t i o n s  a t  two a d j a c e n t  freeway s t a t i o n s  
i n  t h e  speed-occupancy domain. This  model d e t e c t e d  96% o f  
t h e  i n c i d e n t s  i n  an  average  t ime of 0 . 8  minutes and s i g n a l e d  
t h e  end of  75% of t h e  i n c i d e n t s  c o r r e c t l y  wi th  a  two p e r c e n t  
f a l s e  a larm r a t e .  
The Modified C a l i f o r n i a  Model, a f t e r  e l a b o r a t e  c a l i -  
b r a t i o n ,  was found t o  be somewhat l e s s  e f f e c t i v e  i n  d e t e c t i n g  
i n c i d e n t s  ( 8 0 %  l e v e l  of d e t e c t i o n s  f o r  g e o m e t r i c a l l y  homo- 
geneous p o r t i o n s  of t h e  Freeway) b u t  genera ted  f a l s e  a larms 
on ly  0.1% of  t h e  time. 
The use  of e x p o n e n t i a l  smoothing o r  weighted averag ing  
of  r e c e n t  d a t a  a s  a  model s t r u c t u r e  was explored  and t h e  
r e s u l t s  were encouraging.  F u r t h e r  development of  such 
a  model is  b e l i e v e d  t o  b e  warranted .  
One of t h e  p o s s i b l y  s e r i o u s  problems i n  au tomat ic  
i n c i d e n t  d e t e c t i o n  i s  t h e  " f a l s e  alarm" i n  which an i n c i d e n t  
i s  s i g n a l e d  when one has  n o t  t aken  p l a c e .  S ince  t h e  c o s t s  
t o  o p e r a t i n g  agenc ies  i n  responding t o  t h e s e  s i g n a l s  va ry  
w i t h  t h e i r  a i d  systems and o p e r a t i o n a l  p o l i c i e s ,  a major 
e f f o r t  was d i r e c t e d  toward t h e  e x p l o r a t i o n  of t h e  f a l s e  
a larm r a t e  f o r  t h e  most promising models. I t  was found t h a t  
f a l s e  a larms a r e  a  r e a l  problem f o r  a11 of  t h e  models s i n c e  
t h e r e  i s  a  l a r g e  over lapp ing  a r e a  i n  which t r a f f i c  s t ream 
v a r i a b l e  measures a r e  t h e  same dur ing  both  i n c i d e n t - f r e e  and 
i n c i d e n t  o p e r a t i o n s .  The magnitude of t h e  t r ade -of f  between 
d e t e c t i o n  p r o b a b i l i t i e s  and f a l s e  a larms was i d e n t i f i e d .  
A t es t  of  t h e  c r i t i c a l  parameters  developed by T T I  f o r  
t h e i r  1 9 6 8  r e s e a r c h  i n d i c a t e d  a  s i m i l a r  o r  improved l e v e l  
of d e t e c t i o n  of t h e  50 1969 i n c i d e n t s  compared t o  t h e  para-  
meters  developed from 1969 i n c i d e n t - f r e e  days b u t  a t  a  f a l s e  
a larm l e v e l  t h a t  reached a s  h igh  a s  11%. 
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The e f f e c t i v e n e s s  of t h e  S t a t i o n  D i s c o n t i n u i t y  Model 
by i t s e l f  and a s  a  p a r t  of  t h e  Composite Model l e d  t o  t h e  
conc lus ion  t h a t  i n d i v i d u a l  l a n e  d e t e c t i o n  a t  a  s t a t i o n  i s  
d e s i r a b l e  t o  maximize model d e t e c t i o n  c a p a b i l i t i e s .  
The f o u r  models t h a t  were most e f f e c t i v e  i n  d e t e c t i n g  
i n c i d e n t s  were t e s t e d  f o r  t h e i r  a b i l i t y  t o  s i g n a l  t h e  
r e t u r n  of  o p e r a t i o n s  t o  t h e i r  p r e - i n c i d e n t  s t a t e .  The 
Modified C a l i f o r n i a  Model was 1 0 0 %  e f f e c t i v e  and t h e  Composite 
Model (75% e f f e c t i v e )  could  e a s i l y  be developed t o  a  h igher  
l e v e l  of  e f f e c t i v e n e s s .  
The 1 4  i n c i d e n t s  o c c u r r i n g  dur iny  f ree- f lowing occu- 
panc ies  below 1 4 %  were d e t e c t e d  a s  well a s  were t h o s e  i n  
dense r  t r a f f i c  s t r eams ,  implying t h a t  t h e s e  models may be  
e f f e c t i v e  a t  q u i t e  low f low r a t e s  and be u s e f u l  dur ing  non- 
peak hour c o n d i t i o n s .  
The t h e o r e t i c a l  and e m p i r i c a l  evidence suppor t ing  auto-  
ma t i c  d e t e c t i o n  by t h e  use  of macroscopic t r a f f i c  s t ream 
measurements genera ted  f o r  use  i n  freeway in fo rmat ion  and 
c o n t r o l  systems was explored .  The e f f e c t s  of d i s t a n c e  between 
s t a t i o n s  and geomet r i ca l  d i s c o n t i n u i t i e s  were i n v e s t i g a t e d .  
The b e s t  models g e n e r a l l y  l o c a t e d  t h e  i n c i d e n t  t o  t h e  n e a r e s t  
a d j a c e n t  d e t e c t o r  s t a t i o n .  The spacing between t h e  d e t e c t o r s ,  
ranging from 1460 f e e t  t o  4815 f e e t  d i d  n o t  appear  t o  be a 
f a c t o r  i n  t h e  a b i l i t y  of t h e s e  models t o  d e t e c t .  However, 
t h o s e  models which compare t r a f f i c  c h a r a c t e r i s t i c s  between 
a d j a c e n t  s t a t i o n s  a r e  less e f f e c t i v e  where t h e r e  i s  a  
geometr ic  d i s c o n t i n u i t y  in t h e  form of a  l a n e  d rop  between 
two s t a t i o n s .  
The c o n s i d e r a b l e  v a r i a b i l i t y  i n  i n c i d e n t  impact on 
t r a f f i c  o p e r a t i o n s  and t h e  demand s e r v i c e  mechanism p a s t  
an i n c i d e n t  make it a c h a l l e n g i n g  t a s k  t o  model t h e  problem 
mathemat ica l ly .  Over 80% of t h e  i n c i d e n t s  genera ted  i n c r e a s e d  
upstream and. dec reased  downstream occupancy, t h e  s i t u a t i o n  
t o  be  expected through a p p l i c a t i o n  o f  t h e  concepts  of 
L i g h t h i l l  and Whitham. 
Among o t h e r  c h a r a c t e r i s t i c s  of t h e s e  i n c i d e n t  d e t e c t i o n  
models,  weather  c o n d i t i o n s  do n o t  appear  t o  be a f a c t o r  i n  
d e t e c t i o n  e f f e c t i v e n e s s .  A l l  e i g h t  of  t h e  i n c i d e n t s  o c c u r r i n g  
i n  r a i n y  o r  snowy weather  were d e t e c t e d .  However, t h e  models 
t e s t e d  r e q u i r e d  s e p a r a t e l y  developed parameters  t o  ma in ta in  
t h e  same f a l s e  a larm l e v e l .  Models based on d a t a  from f r e e -  
way subsystems were more s e n s i t i v e  t o  weather  t h a n  t h o s e  
u s i n g  only  d a t a  from a  s i n g l e  s t a t i o n .  
None of  t h e s e  models was a b l e  t o  d i s t i n g u i s h  between 
a c c i d e n t s  and o t h e r  less c r i t i c a l  types  of i n c i d e n t s ,  b u t  
s i n c e  t h e  magnitude of t h e  c a p a c i t y  r e d u c t i o n  i s  a  model 
o u t p u t ,  t h i s  in fo rmat ion  may s e r v e  t o  de termine  t h e  r e l a t i v e  
p r i o r i t y  i n  d i s p a t c h i n g  p a t r o l  u n i t s  where d e t e c t i o n s  c o n f l i c t  
w i t h  each o t h e r .  The prompt d e t e c t i o n  c a p a b i l i t y  o f  t :hese 
models should  be  b e n e f i c i a l  i n  r educ ing  t h e  t i m e  l a g  f o r  
a i d  t o  a r r i v e  a t  t h e  scene .  
One month 's  i n c i d e n t  d a t a  from t h e  t e l e v i s i o n  
s u r v e i l l a n c e  o p e r a t i o n  were compared w i t h  d a t a  from a  
C i t i z e n s  Band (CB) emergency r a d i o  system opera ted  by t h e  
C i t y  of  D e t r o i t .  I t  was observed t h a t  t h e  CB system d e t e c t e d  
some i n c i d e n t s  missed by t h e  t e l e v i s i o n  system and t h a t  t h e  
p o l i c e  response  t o  CB c a l l s  was more r a p i d  t h a n  t o  c a l l s  
from t h e  TV c o n t r o l  c e n t e r .  The CR response  was on ly  20% 
a s  e f f e c t i v e  a s  would be expected  from a  uniform d i s t r i b u t i o n  
o f  f u l l y  c o o p e r a t i v e  CB-equipped v e h i c l e s .  
I n  conc lus ion  it is b e l i e v e d  t h a t  t r a f f i c  s t r eam measure- 
ments can be  used t o  d e t e c t  v i r t u a l l y  a l l  on-freeway i n c i -  
d e n t s  t h a t  g e n e r a t e  conges t ion  w i t h i n  t h e  f i r s t  two minutes 
a f t e r  t h e  o n s e t  o f  conges t ion .  This  approach can r e a d i l y  be 
i n c o r p o r a t e d  i n t o  o p e r a t i o n a l  dynamic in fo rmat ion  and c o n t r o l  
systems.  S ince  t h e  magnitude of t h e  c a p a c i t y  r e d u c t i o n  i s  
a l s o  known i n  a  format  d i r e c t l y  i n t e r p r e t a b l e  by t h e  p rocess  
c o n t r o l l e r ,  prompt and e f f e c t i v e  c o n t r o l  response  i n  terms 
of  ramp mete r ing  c o n t r o l  and d i v e r s i o n  of  freeway demand i s  
f e a s i b l e .  







Urban freeways p l a y  a  v i t a l  r o l e  i n  motor v e h i c l e  
movement and c i r c u l a t i o n  i n  our  c i t i e s .  Freeways a r e  designed 
t o  provide  s a f e  and r a p i d  s e r v i c e  f o r  t h e  many m o t o r i s t s  
making longer  than  average t r i p s .  However, i n  many c i t i e s  
t h e  l e v e l  of  s e r v i c e  a c t u a l l y  provided by t h e  freeway net -  
work dur ing  t h e  hours of peak flow unfor tuna te ly  does clot 
r each  t h e  e x p e c t a t i o n s  of e i t h e r  d e s i g n e r s  o r  t h e  many 
r e g u l a r  u s e r s  of  t h e  system. This  can be p a r t i a l l y  a t t r i -  
buted t o  t h e  excess  demand r e s u l t i n g  from t h e  popu1arit:y of 
freeways. With excess  demand, s e v e r e  conges t ion  f r e q u e n t l y  
develops w i t h  a  d e t e r i o r a t i o n  i n  speed and s a f e t y .  
This  conges t ion  o f t e n  occurs  d a i l y  and i s  q u i t e  predic-  
t a b l e ,  both  i n  e f f e c t  and d u r a t i o n .  I n  a d d i t i o n  t o  new 
f a c i l i t y  c o n s t r u c t i o n  programs, va r ious  o p e r a t i o n a l  measures 
have been developed i n  r e c e n t  y e a r s  t o  minimize can- 
g e s t i o n  us ing  ramp meter ing  and o t h e r  informat ion  devices .  
I t  has been c l e a r l y  e s t a b l i s h e d  t h a t  i f  t h e  demand can be 
kep t  w e l l  below a c r i t i c a l  v a l u e ,  c a l l e d  t h e  c a p a c i t y ,  
d e s i r a b l e  o p e r a t i n g  c o n d i t i o n s  can be maintained.  Engineers  
r e s p o n s i b l e  f o r  achieving t h e  h i g h e s t  p o s s i b l e  l e v e l  of 
s e r v i c e  on e x i s t i n g  freeways a r e  c o n t i n u i n g  t h e i r  i n t e n s i v e  
e f f o r t s  t o  e f f e c t  i n c r e a s e s  i n  o r  ma in ta in  c a p a c i t y ,  a s  
w e l l  a s  t o  c o n t r o l  t h e  volume of  t r a f f i c  u s i n g  t h e  freeways 
( 9 ,  1 0 ,  11, 16,  32, 33, 34, 36, 46, 47, 48, 49, 50)* .  
There i s  ano the r  cause  of  conges t ion  t h a t  has  r e c e n t l y  
reached a  l e v e l  of  impact  on freeway o p e r a t i o n s  t h a t  some 
cons ide r  even more s e v e r e  than  r e c u r r i n g ,  u n s a t i s f a c t o r y  
d a i l y  o p e r a t i o n s  (49)  This  i s  t h e  f low-d i s rup t ive  e v e n t  
t h a t  occurs  u n p r e d i c t a b l y ,  o f t e n  dur ing  peak p e r i o d s  when 
demand i s  h igh ,  and reduces  t h e  c a p a c i t y  and l e v e l  of s e r v i c e  
provided by t h e  freeway. The c a p a c i t y  of a  freeway, t h e  
maximum hour ly  f low of  v e h i c l e s  i t  can s e r v e ,  v a r i e s  wi th  
t h e  permanent d e s i g n  of t h e  freeway and f l u c t u a t e s  w i t h  many 
changes i n  t h e  environment such a s  weather ,  d i s t r a c t i o n s  t o  
d r i v e r s ,  and temporary o b s t r u c t i o n s  t o  flow. Many of t h e s e  
t r a n s i e n t  d i s t r a c t i o n s  and o b s t r u c t i o n s  t o  f low a r e  caused 
by elements  of  t h e  t r a f f i c  s t r eam,  such a s  v e h i c l e s  involved 
i n  a c c i d e n t s .  
F i g u r e  1 shows one k ind of i n c i d e n t ,  an a c c i d e n t ,  and 
t h e  r e s u l t i n g  queues observed on t h e  ~ e t r o i t  freeway system. 
*Numbers refer t o  r e f e r e n c e s  a t  t h e  end of P a r t  One 
of t h i s  r e p o r t .  
AN INCIDENT ON THE LODGE FREEWAY 
QUEUE BEHIND INCIDENT 
FIGURE 1 
INCIDENTS REQUIRING AID 
There a r e  o t h e r  t y p e s  of  capac i ty - reduc ing  i n c i d e n t s  such 
a s  mechanical  f a i l u r e s  r e s u l t i n g  i n  a  s toppage o r  t h e  
dropping of  d e b r i s  from v e h i c l e s  o r  overpasses .  I n  t h i s  
s tudy  t h e  occurrence  of any e v e n t  on t h e  freeway r igh t -o f -  
way t h a t  s i g n i f i c a n t l y  i n f l u e n c e s  t r a f f i c  performance i s  
cons ide red  t o  be a  capac i ty - reduc ing  i n c i d e n t .  I t  should 
be noted t h a t  d r i v e r  a i d  s t u d i e s ,  p a r t i c u l a r l y  t h o s e  s p e c i -  
f i c a l l y  concerned w i t h  problems of  t h e  s t r a n d e d  m o t o r i s t  
w i t h  an i n o p e r a t i v e  v e h i c l e  o r  p a r t i c i p a n t s  i n  an  a c c i d e n t  
i n v o l v i n g  p e r s o n a l  i n j u r i e s  o r  blockage o f  t h e  freeway 
c r e a t i n g  a hazard  f o r  o t h e r  v e h i c l e s ,  o f t e n  use  t h e  same 
term t o  d e s c r i b e  t h e s e  types  of even t s  ( 8 ,  13,  1 4 ,  1 5 ,  20, 
22, 24, 28 ,  31,  37 ,  4 1 )  5 1 ) .  While t h e r e  a r e  s i m i l a r i t i e s  
between t h e  two problems, t h e r e  a r e  many i n c i d e n t s  t h a t  do 
n o t  r e q u i r e  a i d  and many a i d  s i t u a t i o n s  t h a t  do n o t  s e r i o u s l y  
a f f e c t  t r a f f i c  flow. 
Lunenfeld e s t i m a t e s  t h a t  a c c i d e n t s  account  f o r  o n l y  
s i x  p e r c e n t  of  emergency s t o p s  ( 3 0 ) .  I n  1968 t h e r e  were 
a lmost  P,900,000 r e p o r t e d  a c c i d e n t s  on urban freeway 
f a c i l i t i e s ,  s l i g h t l y  more than  one e i g h t h  of t h e  U.S. t o t a l  
of 14,600,000. He a l s o  e s t i m a t e s  t h a t  t h e r e  a r e  more than  
125,000,000 emergency s t o p s  p e r  y e a r  on U.S. roads .  Almost 
one q u a r t e r  of t h e s e  s t o p s  occur  i n  urban a r e a s ,  a  t o t a l  
of  21,000,000 on freeway type  f a c i l i t i e s .  O f  t h e s e  on- 
freeway emergency s t o p s ,  a lmost  2,100,000 occur  on t h e  road- 
way and r e q u i r e  prompt d e t e c t i o n  and removal i f  optimum 
freeway o p e r a t i o n s  a r e  t o  be mainta ined o r  r e s t o r e d .  
Lunenfeld has  e s t ima ted  t h a t  t h e  number of acc ide:n ts  
r e s u l t i n g  from v e h i c l e s  s topped i n  t h e  roadway exceeds 
40,000 f o r  urban freeways. H i s  a n a l y s i s  i n d i c a t e s  t h a t  
750,000,000 vehic le-hours  of d e l a y  r e s u l t  from urban f r e e -  
way i n c i d e n t s .  
The above s t a t i s t i c s  s c a l e  t h e  g e n e r a l  c o s t s  t o  f r e e -  
way u s e r s  i n  l i v e s  and conges t ion  and i n d i r e c t l y  i n d i c a t e  
t h e  e x t e n t  t o  which t h e  freeway i s  o p e r a t i n g  u n s a t i s f a l e t o r i l y  
a s  an  impor tan t  component of t h e  highway network. S t u d i e s  
conducted by t h i s  agency i n  D e t r o i t  i n  October 1969 showed 
t h a t  t h e  t o t a l  t r a v e l  s e r v i c e  ( i n  veh ic le -mi les  dur ing  t h e  
four-hour a f t e rnoon  peak p e r i o d )  decreased 13% on t h r e e  
days w i t h  a c c i d e n t s  a s  compared wi th  19 days wi thou t  a c c i d e n t s .  
There have been s e v e r a l  d e t a i l e d  s t u d i e s  of r e p o r t e d  
i n c i d e n t s .  The l i s t  of r e f e r e n c e s  i n c l u d e s  most of  t h o s e  
b e l i e v e d  t o  be  s i g n i f i c a n t .  S ince  i n c i d e n t s  tend t o  be 
p a r t i a l l y  independent  of each o t h e r ,  they  c l u s t e r  both  i n  
t i m e  and a t  l o c a t i o n s  a long  t h e  freeway. A f u r t h e r  compli- 
c a t i o n  i s  t h e  v a r i a t i o n  i n  n a t u r e  and c r i t i c a l i t y  of t h e  
emergencies.  A minor a c c i d e n t  invo lv ing  p r o p e r t y  damage 
and no i n j u r y  may r e q u i r e  no a l l o c a t i o n  of emergency response  
r e s o u r c e s ,  whereas a  major mul t i - ca r  c o l l i s i o n  may necess i -  
t a t e  a  f u l l  response  from t h e  community i n c l u d i n g  p o l i c e ,  
ambulance s e r v i c e ,  tow-trucks,  S i r e - f i g h t i n g  equipment,, 
and h o s p i t a l s .  Desp i t e  t h e  f a c t  t h a t  t h e  urban freeway 
u s e r  i s  a  h i g h l y  mot iva ted  i n d i v i d u a l  who u s e s  t h e  f r e e -  
way f r e q u e n t l y ,  makes few in fo rmat ion  s t o p s  on t h e  freeway 
and p r a c t i c a l l y  no l e i s u r e  o r  rest  s t o p s ,  s t i l l  many volun- 
t a r y  s t o p s  a r e  made which should  n o t  be pe rmi t t ed .  This  
i r r e g u l a r i t y  i n  type  and s e r i o u s n e s s  of i n c i d e n t s ,  t h e  
peaking of demand and t h e  wide v a r i e t y  of  a i d  r e q u i r e d  makes 
it d i f f i c u l t  t o  e f f e c t u a t e  countermeasure systems,  
Informat ion  on t h e  frequency of  occurrence  and 
c h a r a c t e r i s t i c s  of e v e n t s  o r  i n c i d e n t s  a r e  g iven  i n  s e v e r a l  
s t u d i e s  ( 3 ,  5 ,  10,  1 4 ,  2 1 ,  2 2 ,  2 4 ,  2 6 ,  28 ,  31, 34, 4 1 ) .  A 
r e c e n t  Texas T r a n s p o r t a t i o n  I n s t i t u t e  ( f r e q u e n t l y  r e f e r r e d  
t o  a s  T T I  i n  t h i s  r e p o r t )  Houston Freeway s tudy  showed an 
average  of 2 , 5 0 0  s t o p s  p e r  mile p e r  y e a r ,  t e n  p e r c e n t  
o c c u r r i n g  i n  t r a v e l e d  l a n e s .  Almost 4 0 %  of t h e  s topped 
v e h i c l e s  remained a t  t h e  s i t e  more than  30 minutes w i t h  an 
average  s i t e  s t a y  of  54 minutes ( 2 1 ) .  Crane es t ima ted  t h a t  
t h e r e  a r e  6,400 a c c i d e n t - r e l a t e d  l a n e  blockages each yea r  
on t h e  50 m i l e  D e t r o i t  freeway network. These a c c i d e n t s  
account  f o r  6.78 o f  t h e  hours  w i t h  one o r  more l a n e s  blocked 
(11). H e  b e l i e v e s  t h a t  1 4 %  of  t h e  t ime t h e r e  a r e  one o r  
more l a n e s  blocked by an i n c i d e n t  somewhere i n  t h e  system. 
On a 3 . 2  m i l e  s e c t i o n  of D e t r o i t  freeway an i n c i d e n t  occur red  
every  3.5 hours  on workdays. There i s  one i n c i d e n t  every  
3 .3  hours  p e r  mile on t h e  San Francisco-Oakland Bay Br idge  
( 2 4 ) .  I n  ~ a l i f o r n i a ,  one i n c i d e n t  per  2 0 , 0 0 0  v e h i c l e  m i l e s  
was observed,  w h i l e  one i n c i d e n t  f o r  each 33,000 m i l e s  of  
t r a v e l  was p r e d i c t e d  f o r  I l l i n o i s  ( 2 2 ) .  One morning peak- 
p e r i o d  Houston a c c i d e n t  r e s u l t e d  i n  a  d e l a y  of 340 v e h i c l e -  
hours  ( 2 0 ) .  DeRose observed one a c c i d e n t  f o r  each th ree  
v e h i c l e  breakdown i n c i d e n t s  ( 1 4 ) .  
Pogust  found t h a t  95% of a l l  i n c i d e n t s  occur  on t h e  
s h o u l d e r ,  t h e  l o c a t i o n  of  t h e  complete s t o p  ( 3 7 ) .  He noted  
t h a t  on ly  4 7 %  r e q u i r e  a s s i s t a n c e  and t h a t  from 2 0  t o  4 0 %  
a r e  "unnecessary ."  From 40 t o  60% of  t h e  San Franc i sco-  
Oakland Bay Bridge s t o p s  r e q u i r e  no s e r v i c e  ( 2 4 ) .  
The d u r a t i o n  of time t h a t  a  l a n e  i s  occupied  by an  
i n c i d e n t  i s  n o t  g e n e r a l l y  ve ry  long.  Crane obse rved  an  
average  d u r a t i o n  of 3.5 minutes f o r  i n c i d e n t s  (11). DeRosc, 
i n  an  e a r l y  D e t r o i t  s t u d y ,  found a  6.1- minute average  s t a y  
on t h e  t r a v e l e d  l a n e s  when t h e r e  was an  a c c i d e n t  and 4.9 
minutes  f o r  a  d i s a b l e d  v e h i c l e  ( 1 4 ) .  Only 12% of t h e  v e h i c l e s  
remained on t h e  freeway l o n g e r  t h a n  t e n  minutes .  On t h e  
San Francisco-Oakland Bay Br idge t  a c c i d e n t s  b l o c k  t h e  f a c i l i t ~  
f o r  an average  o f  24.6 minutes a f t e r  d e t e c t i o n  ( 2 4 ) .  These 
i n c i d e n t s  r e s u l t  i n  an  average  b lock ing  t ime of  13 .1  minutes .  
The e f f e c t s  o f  a  lane-blocking i n c i d e n t  on t r a f f i c  f low 
a r e  s i g n i f i c a n t .  Both TTI and Crane found t h a t  a  one- lane  
blockage h a l v e s  t h e  c a p a c i t y  of a  t h r e e - l a n e  s e c t i o n  and 
reduces  t h e  c a p a c i t y  of a  four - l ane  s e c t i o h  by one- th i rd  
( 1 ,  3 3 .  A c t i v i t y  a t  t h e  s i d e  s f  t h e  road reduces  c a p a c i t y  
by two- th i rds  of a l a n e .  A 2 2 %  r e d u c t i o n  i n  c a p a c i t y  was 
found by Goolsby i n  a  s t u d y  of  t h e  e f f e c t  o f  a  "shoulder"  
i n c i d e n t  ( 2 0 ) .  
There i s  no q u e s t i o n  t h a t  weather  has a  s i g n i f i c a n t  
e f f e c t  on i n c i d e n t  occurrence .  Ear ly  s t u d i e s  on t h e  Lodge 
Freeway showed t h a t  t h e  i n c i d e n t  r a t e  was a s  much a s  s i x  
times a s  g r e a t  i n  bad weather  a s  i n  good c o n d i t i o n s  ( 1 4 ) .  
The t ime l a g  between t h e  occurrence  of an i n c i d e n t  and 
i t s  removal obvious ly  depends upon t h e  speed of  d e t e c t i o n  
and t h e  response  t ime of t h e  a p p r o p r i a t e  a i d .  The l a t t e r  
f a c t o r  v a r i e s  widely depending upon t h e  s e r v i c e  c a l l e d  upon 
f o r  removal. Goolsby r e p o r t e d  an average response  t ime t o  
a n  i n c i d e n t  of 1 1 . 2  minutes ,  a  v e h i c l e  c l e a r a n c e  t ime of 
4 . 0  minutes and an on*shoulder i n v e s t i g a t i o n  t ime of  2 4  
minutes  ( 2 0 ) .  Each of t h e s e  response  t imes  was observed 
t o  r ange  up t o  6 0 ,  2 7  and 9 0  minutes ,  r e s p e c t i v e l y .  
Lunenfeld quo tes  a s tudy  showing t h a t  average d e t e c t i o n  
t imes  a r e  approximately f i v e  t o  t e n  minutes i n  urban loca-  
t i o n s  ( 3 0 ) .  I-Ye b e l i e v e s  t h a t  t h e  d e t e c t i o n  n o t i f i c a t i o n  
t ime on urban l i m i t e d  a c c e s s  f a c i l i t i e s  i s  on t h e  o r d e r  of  
five t o  t e n  minutes ,  t h e  ambulance a r r i v a l .  time on t h e  o r d e r  
of t e n  t o  20 minutes  and d e b r i s  and hazard  c o n t r o l  by 
s e r v i c e  v e h i c l e s  and wreckers  on t h e  o r d e r  of 30 minut.es, 
Graf i n d i c a t e s  t h a t  a  15  minute r esponse  by a  s e r v i c e  
v e h i c l e  i s  r a p i d  ( 2 2 ) .  
A s  i s  t r u e  i n  o t h e r  congested t r a f f i c  s i t u a t i o n s ,  t h e  
c o s t s  and inconveniences t o  t h e  s t a l l e d  v e h i c l e  i n  an i n c i -  
d e n t  a r e  on ly  a  smal l  f r a c t i o n  of t h e  t o t a l  c o s t s  t o  a l l  
freeway u s e r s  r e s u l t i n g  from an i n c i d e n t .  Usual ly t h e  
s t r a n d e d  m o t o r i s t  i s  i n d i f f e r e n t  t o  t h e  s o c i a l  c o s t s  h i s  
predicament  e x a c t s  from o t h e r  road u s e r s .  I n  Lunenfe1.d1s 
n a t i o n a l  s tudy  it was found t h a t  a  s a v i n g s  of t e n  minutes 
of  d e l a y  would save  a  grand t o t a l  o f  312,000 v e h i c l e  Piours 
p e r  yea r  s f  de lay  t o  involved m o t o r i s t s .  On t h e  o t h e r  hand, 
t h e  r e d u c t i o n  i n  d e l a y  t o  o t h e r  u s e r s  would he  400 times a s  
much ( 3 0 ) .  The p o s s i b i l i t y  of ach iev ing  t h e s e  s a v i n g s  can 
be  s c a l e d  by n o t i n g  t h a t  it has  been es t ima ted  t h a t  t h e  
b e n e f i t s  t o  t h e  i n d i v i d u a l  m o t o r i s t  of a  r u r a l  ca l l -box 
system would be f i v e  minutes f o r  removal of t h e  vehiclle from 
t h e  scene  and s i x  minutes sav ings  i n  r e c e i v i n g  medical  a t t e n -  
t i o n  ( 2 8 ) .  Savings of t h i s  o r d e r  of  magnitude would n o t  be 
r e a l i z e d  on urban freeways. 
D e s a i l s  a n a l y s i s  and s e v e r a l  T T I  s t u d i e s  i n d i c a t e d  t h a t  
a  r e d u c t i o n  i n  a c c i d e n t s  can  be  achieved by main ta in ing  f r e e r  
f low dur ing  peak p e r i o d s  (15, 3 3 ) .  Lunenfeld observed t h a t  
a s  many a s  t e n  p e r c e n t  o f  a c c i d e n t s  occur  i n  queues and t h a t  
f a s t e r  i n c i d e n t  d e t e c t i o n  would s a v e  one p e r c e n t  of  a l l  
f a t a l i t i e s ,  i n j u r i e s  and p r o p e r t y  damage a c c i d e n t s .  I n  an  
urban freeway environment t h i s  invo lves  1 2  occupant  f a t a l i -  
t i e s ,  818 n o n - f a t a l  occupant  i n j u r i e s  and 3,800 p roper ty -  
damage-only a c c i d e n t s .  
Lunenfeld has  e s t i m a t e d  t h a t  65 of  t h e  5 , 4 7 2  f a t a l i t i e s  
o c c u r r i n g  on urban c o n t r o l l e d  a c c e s s  f a c i l i t i e s  i n  1968 
could  be prevented  i f  t h e  t ime l a g  f o r  n o t i f i c a t i o n  of t h e  
p o l i c e  agency were reduced from e i g h t  t o  zero  minutes .  Crane 
b e l i e v e s  t h a t  e a r l i e r  d e t e c t i o n  can reduce  by 100 t h e  hours  
of l a n e  o b s t r u c t i o n  pe r  y e a r  on each mi le  of a  freeway (11). 
The importance of a d d i t i o n a l  work i n  each o f  t h e  many 
a r e a s  o f  i n c i d e n t  d e t e c t i o n ,  r e sponse  and removal has been 
recognized by s e v e r a l  r e s e a r c h e r s  ( 2 ,  6 ,  1 0 ,  13 ,  15 ,  2 2 ,  36,  
38,  4 2 ) .  Most p a s t  s t u d i e s  have been p a r t i c u l a r l y  concerned 
w i t h  t h a t  p a r t  o f  t h e  p o s t - i n c i d e n t  p e r i o d  problem d e a l i n g  
w i t h  g e t t i n g  a i d  t o  t h e  m o t o r i s t  r e q u i r i n g  a s s i s t a n c e .  Less 
a t t e n t i o n  has been g iven  t o  t h e  d i s r u p t i o n s  i n  t h e  t r a f f i c  
s t r eam r e s u l t i n g  from t h e s e  even t s .  West n o t e s  t h a t  t h e  
e a r l y  l o c a t i o n  and r a p i d  removal of freeway i n c i d e n t s  remains 
one of t h e  most promising a r e a s  f o r  p o s s i b l e  freeway o p e r a t i o n  
improvement s i n c e  t h e  "unusual  i n c i d e n t "  i s  r e s p o n s i b l e  f o r  
a s  much m o t o r i s t  de lay  i n  t h e  urban a r e a  a s  i s  t h e  " b u i l t - i n "  
geometric "bottleneck" (47  ) . The grea ter  r e l a t i v e  impor- 
tance t o  soc ie ty  of maintaining the  l eve l  of serv ice  on 
urban freeways versus the  problem of the  stranded motorist  
has been recent ly recognized. Moskowitz, i n  h i s  review of 
research needs i n  t r a f f i c  surve i l lance ,  s t a t ed  t h a t  he 
believed the s ing le  most important problem i n  urban freeway 
t r a f f i c  operations i s  the  determination of how t o  de tec t  
stopped vehicles  and the necessary s teps a f t e r  t h a t  which 
a re  required t o  remove the stoppage ( 3 6 ) .  
GENERAL APPROACH TO THE PROBLEM 
A comprehensive program of  coping w i t h  t h e  freeway 
i n c i d e n t  n a t u r a l l y  invo lves  concern w i t h  e lements  f o r  which 
t h e  freeway o p e r a t i o n s  eng inee r  has  no r e s p o n s i b i l i t y .  For  
example, i t  has  been found t h a t  a l a r g e  pe rcen tage  of  i n c i -  
d e n t s  on freeways i n  Michigan r e s u l t  from mechanical  equip- 
ment f a i l u r e s ,  many of which could be e l i m i n a t e d  through 
b e t t e r  d e s i g n ,  maintenance and improved d r i v e r  p r a c t i c e s  ( 4 1 ) .  
On a l o n g e r  t i m e  s c a l e  t h e  q u e s t i o n  can w e l l  be  asked 
i f  advances i n  communication and c o n t r o l  systems w i l l  o b v i a t e  
t h e  need f o r  c o n c e n t r a t i o n  on t h e  i n c i d e n t  d e t e c t i o n  problem. 
I t  i s  b e l i e v e d  t h a t  t h i s  q u e s t i o n  i s  answered by t h e  s t u d i e s  
of Fenton who env i sages  a dual-mode v e h i c l e  t h a t  w i l l  spend 
a t  l e a s t  p a r t  of most t r i p s  on non-automated highways ( 1 8 ) .  
Combining t h . i s  i n fo rmat ion  w i t h  t.he observed behavior  o f  
d i s a b l e d  o r  s e l f i s h  d r i v e r s ,  it i s  b e l i e v e d  t h a t  f o r  t h e  
f o r e s e e a b l e  f u t u r e  t h e r e  w i l l  be s toppages  reducing r e a l - t i m e  
c a p a c i t y  which can be most e f f e c t i v e l y  d e t e c t e d  by t h e  t ech-  
n iques  under c o n s i d e r a t i o n  i n  t h i s  r e s e a r c h .  A t  t h e  same 
t ime,  t h e  r e s e a r c h  should  be d i r e c t e d  toward t h e  e x p l o i t a t i o n  
of t h e  f u l l  c a p a b i l i t i e s  and p o t e n t i a l s  of e x i s t i n g  fragmented 
i n c i d e n t  systems.  Pa r t i cu1 ,a r  a t t e n t i o n  should  be g iven t o  
t h o s e  e lements  which w i l l  form a n  i n t e g r a l  p a r t  of systems 
developed i n  t h e  coming f i v e  t o  1 5  y e a r s .  
The engineer responsible f o r  operations on urban free- 
ways increasingly views rapid incident  detect ion and response 
a s  being closely r e l a t ed  t o  other  aspects of freeway t r a f f i c  
cont ro l  ( 1 6 ) .  A s  ea r ly  a s  1 9 6 4 ,  Weinberg s t a t ed  t h a t  a  
"closed loop system f o r  an urban freeway ... provides 
f o r  survei l lance of t r a f f i c  operations,  acquires 
data  on t r a f f i c  operations,  processing data  i n  rea l -  
time, comparing outputs w i t h  decision r u l e s ,  selec-- 
t i n g  t a c t i c s ,  and ac t iva t ing  the information and 
cont ro l  system f o r  real-t ime changes" ( 4 7 ) .  
Modern systems a re  heavily based on real-time modification 
of freeway demand by ramp metering and by other  e f f o r t s  t o  
d i v e r t  motorists a t t r a c t e d  t o  the freeway t o  a l t e r n a t e  
routes  ( 1 0 ,  3 4 ,  4 2 ,  50).  
In  present  systems, capacity has been t rea ted  as  con- 
s t a n t .  Steps a re  being taken t o  modify capacity t o  account 
f o r  such conditions as  weather ( 2 7 ) .  A na tura l  next s t ep  
w i l l  be t o  modify capacity t o  account f o r  the e f f e c t s  of the 
frequent y e t  unpredictable incidents  of unknown locat ion 
and duration t h a t  a f f e c t  capacity.  In  such systems, auto- 
matic and dense survei l lance coverage i s  necessary i f  capa- 
c i t y  change inputs a re  t o  be detected,  quant i f ied and input 
t o  cont ro l  programs. For example, Los Angeles has committed 
i t s e l f  t o  a program which i s  deeply concerned w i t h  a l l  
a s p e c t s  of  t h e  i n c i d e n t  d e t e c t i o n  and response  problem and 
is i n s t a l l i n g  700  s e n s o r s  on a  p o r t i o n  of  t h e  freeway ne t -  
work i n  t h a t  c i t y  t o  a s s i s t  i n  c o n t r o l  and i n c i d e n t  
d e t e c t i o n  ( 4 2 ) .  
I t  seems w e l l  e s t a b l i s h e d  t h a t  t h e r e  i s  no a l t e r n a t i v e  
t o  improved response  a s  a  means of op t imiz ing  f low d u r i n g  
an  i n c i d e n t .  The magnitude of peak p e r i o d  freeway demand i s  
s o  g r e a t  t h a t  d i v e r s i o n  o f  a  l a r g e  enough f r a c t i o n  of t h e  
on-freeway m o t o r i s t s  t o  o t h e r  r o u t e s  t o  e f f e c t u a t e  d e s i r e d  
o p e r a t i o n s  i s  i n f e a s i b l e  because  of t h e  l a c k  of c a p a c i t y  i n  
t h e  s u p p o r t i n g  road  system. 
None of  t h e  systems p r e s e n t l y  i n  use  a r e  ve ry  s a t i s -  
f a c t o r y  from t h e  v iewpoint  of t h e  urban freeway o p e r a t i o n s  
eng inee r .  For example, c o n s i d e r i n g  r o a d s i d e  t e l ephone  
systems,  a  C a l i f o r n i a  s tudy  showed t h a t  only  4 0 %  o f  t h e  
m o t o r i s t s  used t h e  phones ( 2 2 ) .  Even on a  r u r a l  Michigan 
freeway,  whi le  7 7 %  of t h e  m o t o r i s t s  knew of  t h e  phones, o n l y  
52% used them ( 4 0 ) .  I n  bad weather ,  m o t o r i s t s  w i l l  n o t  
l e a v e  t h e i r  c a r s  t o  p l a c e  a  ca) l .  A Texas s t u d y  showed 
s i m i l a r  r e s u l t s ,  and f u r t h e r ,  t h a t  o n e - t h i r d  of  t h o s e  seekinq 
a i d  were gone by t h e  t ime t h e  reques ted  a i d  a r r i v e d  ( 2 1 ) .  
Also ,  more than  one of  t e n  u s e r s  of t h i s  system reques ted  
t h e  wrong type  of s e r v i c e .  
Even systems n o t  r e q u i r i n g  a c t i v e  m o t o r i s t  coopera.tion 
a r e  s u b j e c t  t o  f a i l u r e s  i n  d e t e c t i n g  i n c i d e n t s .  While t h e  
t e l e v i s i o n  s u r v e i l l a n c e  system i n  D e t r o i t  proved e f f e c t i v e  
i n  improving d e t e c t i o n  time by 2.5 minutes ,  one s tudy  showed 
t h a t  up t o  20% of t h e  i n c i d e n t s  were missed ( 4 ) .  A r e c e n t  
s tudy  has  shown a  d e t e c t i o n  r a t e  of  on ly  75% f o r  indiv i -duals  
watching t r a f f i c  on c l o s e d  c i r c u i t  t e l e v i s i o n  a t  ranges  up 
t o  1500  f e e t  ( 4 5 ) .  
F u r t h e r  compl ica t ions  a r i s e  from t h e  i n t e r a c t i o n  of 
t h o s e  p u b l i c  and p r i v a t e  agencies  concerned wi th  i n c i d e n t  
d e t e c t i o n  and response  a c t i v i t y .  The i r  o b j e c t i v e s  d i f f e r  
and t h e i r  o p e r a t i o n a l  p o l i c i e s  t o  d a t e  do n o t  provide  a 
g e n e r a l l y  s a t i s f a c t o r y  o r  balanced approach t o  t h e  problem. 
The approach fol lowed i n  t h e  conduct of t h i s  s tudy  i s  
based on t h e  b e l i e f  t h a t  t h e  many p o s s i b l e  systems which 
can be  used t o  d e t e c t  and respond t o  i n c i d e n t s  have such 
d i f f e r e n t  c h a r a c t e r i s t i c s  t h a t  i t  i s  necessary  t o  c a r e f u l l y  
s t r u c t u r e  t h e  v a r i a b l e s  of i n t e r e s t  i n  o r d e r  t o  make an 
e f f e c t i v e  systems comparison ( o r  systems a n a l y s i s )  pos:;ible. 
The n e x t  s e c t i o n  of t h i s  c h a p t e r  develops such a  s t r u c t u r i n g  
and a  sub-model which should be u s e f u l  i n  systems a n a l y s i s ,  
Another a r e a  of  i n t e r e s t  t o  t h o s e  r e s p o n s i b l e  f o r  t h e  
p lanning,  des ign  and o p e r a t i o n  of an  i n c i d e n t  response pro- 
gram is  an e s t i m a t e  of t h e  way i n  which v a r i o u s  exis t i :ng  
and p o s s i b l e  systems would i n t e r a c t  i n  a c t u a l  o p e r a t i o n s .  
The e x i s t e n c e  i n  ~ e t r o i t  o f  a t e l e v i s i o n  s u r v e i l l a n c e  
i n s t a l l a t i o n ,  an  exper imenta l  C i t i z e n s  Band r a d i o  system 
des igned f o r  i n c i d e n t  d e t e c t i o n  and an e x t e n s i v e  network o f  
f low and occupancy d e t e c t o r s  on t h e  John C.  Lodge Freeway 
which a r e  l i n k e d  t o  a  d i g i t a l  computer o p e r a t i n g  an i n f o r -  
mation and c o n t r o l  system prov ide  an o p p o r t u n i t y  f o r  some 
of t h e  c h a r a c t e r i s t i c s  of  t h e  i n t e r a c t i o n  between t h e s e  
systems t o  he exp lo red .  
Among t h e  means a v a i l a b l e  f o r  d e t e c t i n g  t h e  occur rence  
of  a capac i ty - reduc ing  i n c i d e n t  and communicating t h i s  t o  
a c e n t r a l  c o n t r o l ,  t h e  t r a f f i c  s t r eam i t s e l f  can be  used a s  
one of t h e  l i n k s  i n  a  communication channel .  This  i s  p o s s i b l e  
a s  t h e  d i s t u r b a n c e  t o  normal f low r a t e s  caused by a capac i ty -  
r educ ing  i n c i d e n t  i s  propagated both  upstream and downstream 
of t h e  i n c i d e n t  l o c a t i o n .  While i n d i v i d u a l  m o t o r i s t s  us ing  
a  freeway vary  widely i n  t h e i r  d r i v i n g  c a p a b i l i t i e s  and 
p r a c t i c e s ,  t h e  measurement o f  t h e i r  c o l l e c t i v e  d r i v i n g  per-  
formance g i v e s  remarkably c o n s i s t e n t  t ime averages  and 
d i s p e r s i o n s  f o r  t h e  f low c h a r a c t e r i s t i c s  of  many d r i v e r s ,  
t h e  volume o r  f low,  t h e  speed of  t h e  s t r eam and t h e  d e n s i t y  
o r  c o n c e n t r a t i o n  of v e h i c l e s .  Under heavy f low c o n d i t i o n s  
when such c h a r a c t e r i s t i c s  of t h e  d r i v i n g  environment a s  
c a p a c i t y  change, t h e s e  measures a l s o  respond.  T h i s  r e sponse  
can be  looked a t  a s  c o n s i s t i n g  of t h r e e  p a r t s :  (1) A t r a n -  
s i e n t  phase of immediate and r a p i d l y  changing f low i n  t h e  
v i c i n i t y  of t h e  capaci ty- reducing i n c i d e n t ;  ( 2 )  A steadly- 
s t a t e  c o n d i t i o n  t h a t  fo l lows t h e  t r a n s i e n t  phase and con- 
t i n u e s  u n t i l  t h e  i n c i d e n t  i s  ended; and ( 3 )  A p e r i o d  dur ing  
which f low r e t u r n s  t o  normal fo l lowing t h e  removal of t h e  
c a u s a t i v e  element.  T r a f f i c  s t ream c h a r a c t e r i s t i c  i n c i d e n t  
d e t e c t i o n  models have been developed which a r e  based on 
d i s c e r n i b l e  r e g u l a r i t i e s  i n  macroscopic group behavior  under 
v a r i o u s  t r a f f i c  environmental  cond i t ions  and flow phenomena 
dur ing  t h e  t r a n s i e n t  and s t e a d y - s t a t e  performance c o n d i t i o n s  
desc r ibed  above. 
The models cons idered  i n  t h i s  s tudy a r e  based on t h e  
c a p a b i l i t i e s  of t h e  e x i s t i n g  presence  d e t e c t o r s  on t h e  Lodge 
Freeway. These d e t e c t o r s  i n t e r r o g a t e  t h e  Freeway many t imes  
pe r  second f o r  t h e  presence  of a  v e h i c l e .  The s t ream of  
in fo rmat ion  rece ived  makes i t  p o s s i b l e  t o  de termine  thle number 
of v e h i c l e s  pass ing  t h e  d e t e c t o r  dur ing  an i n t e r v a l  and 
v e h i c u l a r  d e n s i t y .  
I t  would be expected t h a t  t h e r e  would be d i f f e r e n t i a l  
time and i n c i d e n t  d e t e c t i o n  a c c u r a c i e s  f o r  d i f f e r e n t  longi -  
t u d i n a l  spac ings  between d e t e c t o r  s t a t i o n s .  Also,  it ,would 
be expected t h a t  l a n e  drops  and o t h e r  geometr ic  d i s c o n t i n u i t i e s  
would i n f l u e n c e  t h e  performance of t h i s  type  of model, A 
t h i r d  c h a r a c t e r i s t i c  which may have a  s i g n i f i c a n t  e f f e c t  on 
i n c i d e n t  d e t e c t i o n  and response  is  t h e  weather ( 2 7 ) .  
I n  1968 t h e  Texas T r a n s p o r t a t i o n  I n s t i t u t e  commenced 
a  s tudy  o f  i n c i d e n t  d e t e c t i o n  us ing  macroscopic t r a f f i c  
f low parameters  on t h e  Lodge Freeway i n  D e t r o i t  ( 1 0 ) .  Six 
s e p a r a t e  approaches were considered .  These approaches were 
based on t h e  accumulation of  v e h i c l e s  i n  a  s e c t i o n  o f  f r e e -  
way, t r a f f i c  s t ream energy based models, speed-dens i ty  
c h a r a c t e r i s t i c s  and ramp-metering c o n t r o l  v a r i a b l e  s e t t i n g .  
Only l i m i t e d  and g e n e r a l  conc lus ions  could be drawn from 
t h e  d a t a  c o l l e c t e d  i n  t h e  a v a i l a b l e  s tudy time. I t  was 
concluded t h a t  
"Al l  models demonstrated some a b i l i t y  t o  d e t e c t  
i n c i d e n t s  and may t h e r e f o r e  m e r i t  f u r t h e r  consid-  
e r a t i o n .  They d i d ,  however, e x h i b i t  a h igh  f a l s e  
alarm r a t e ,  and it i s  f e l t  t h a t  c o n s i d e r a b l e  
ref inement  would be  r e q u i r e d  t o  produce an opera- 
t i o n a l  i n c i d e n t  d e t e c t i o n  scheme." 
The remaining s e c t i o n s  of  t h i s  i n t r o d u c t o r y  c h a p t e r  
p rov ide  a  d e t a i l e d  background, necessary  p re l iminary  develop- 
ment and a  d e s c r i p t i o n  o f  t h e  approach used i n  t h i s  r e s e a r c h .  
The s t r u c t u r i n g  of  t h e  i n c i d e n t  d e t e c t i o n  c o m u n i c a t i o n s -  
response  system i n  terms o f  c o s t - e f f e c t i v e n e s s  i s  f i r s t  
cons ide red .  The v a r i o u s  p h y s i c a l  and o p e r a t i o n a l  s t r a t e g i e s  
used t o  meet t h e s e  needs and t h e i r  shortcomings a r e  then  
t r e a t e d .   he na tu r e  and form of t r a f f i c  stream charac- 
t e r i s t i c  i n c i d e n t  d e t e c t i o n  models a r e  desc r ibed .  T h i s  
is  fol lowed by a  d e s c r i p t i o n  of t h e  t e s t  f a c i l i t y  used f o r  
t h e  r e sea rch ,  t h e  John C. Lodge Freeway Su rve i l l ance  System. 
Texas Transpor ta t ion  I n s t i t u t e  f i n d i n g s ,  d a t a  a c q u i s i t i o n ,  
p rocess ing  and a n a l y s i s  used i n  t h e  r e sea rch  approach a r e  
then  desc r ibed .  Chapter Two p r e sen t s  t h e  f i n d i n g s  of the 
a n a l y s i s .  Chapters  Three and Four d i s c u s s  imp l i ca t i ons  of 
t h e  r e sea rch  and p r e s e n t  conclus ions  and sugges t ions  f o r  
a d d i t i o n a l  s tudy.  
SYSTEM STRUCTURING FOR URBAN FREEWAY I N C I D E N T  DETECTION 
The u l t i m a t e  o b j e c t i v e  of t h e  urban freeway o p e r a t i o n s  
team i s  t o  ach ieve  a  d e s i r e d  l e v e l  of o p e r a t i o n a l  e f f e c t i v e -  
ness  f o r  t h e  l e a s t  e x p e n d i t u r e  o f  r e s o u r c e s .  The complex i t i e s  
of urban freeway i n c i d e n t  d e t e c t i o n  and response  have been 
d e s c r i b e d  i n  t h e  i n t r o d u c t o r y  s e c t i o n  of  t h i s  c h a p t e r .  F i n a l  
d e c i s i o n s  r e g a r d i n g  i n c i d e n t  d e t e c t i o n  and response  sys tems,  
on ly  one of  t h e  f u n c t i o n s  of an  o p e r a t i o n a l  program, w i l l  
f r e q u e n t l y  be based on f a c t o r s  e x t e r n a l  t o  t h e  b a s i c  i n c i -  
d e n t  problem such a s  inadequa te  funds ,  l e g a l  c o n s t r a i n t s ,  o r  
p o l i c e  a t t i t u d e s  toward t h i s  f u n c t i o n .  The approach t o  t h e  
i n c i d e n t  problem adopted i n  t h i s  s tudy  i s  t o  a t t e m p t  t o  
i d e n t i f y  some of t h o s e  elements  of i n c i d e n t  d e t e c t i o n  and 
response  t h a t  n e c e s s a r i l y  w i l l  b e  cons ide red  i n  t h e  a n a l y s i s  
of  any system. This  approach w i l l  be r e f e r r e d  t o  i n  t h i s  
r e p o r t  a s  "system s t r u c t u r i n g . "  Since  much of  t h e  problem 
i s  one of communications, t h e  m u l t i p l e  uses  of a system and 
a l t e r n a t e  ways of ach iev ing  t h e  same f low of  in fo rmat ion  must 
be  c a r e f u l l y  cons idered  by t h e  eng inee r  s tudy ing  t h e  a l t e r -  
n a t i v e s  a v a i l a b l e .  Much e f f o r t  has r e c e n t l y  been expended 
i n  developing t h i s  a s p e c t  of  t h e  problem (13, 3 0 ) .  
S ince  t h e  o p e r a t i o n  of many cand ida te  systems can be 
adequa te ly  d e s c r i b e d  by c o s t  f a c t o r s  t h i s  s t r u c t u r i n g  a t t e m p t s  
t o  d e s c r i b e  e lements  of  t h e s e  systems i n  an o r d e r l y  s t a t e -  
ment of  r equ i rements ,  c a p a b i l i t i e s  and c o s t  r e l a t e d  parameters  
t o  f a c i l i t a t e  a l t e r n a t i v e  system comparisons. A s  an ex<ample, 
c o n s i d e r  t h e  problem of t h e  " f a l s e  alarm" i n  which t h e  
o p e r a t i n g  system i n d i c a t e s  t h a t  an i n c i d e n t  has  occurred  
a t  a  l o c a t i o n  when, i n  f a c t ,  no unusual  e v e n t  has  t aken  
p l a c e ,  If t h e  response  t o  t h e  i n c i d e n t  s i g n a l  merely 
invo lves  an o p e r a t o r  swi tch ing  h i s  a t t e n t i o n  t o  t h e  appro- 
p r i a t e  t e l e v i s i o n  monitor  f o r  v i s u a l  conf i rmat ion  of  t h e  
i n c i d e n t ,  t h e  c o s t  of a  f a l s e  a larm can be r e l a t i v e l y  low. 
However, i f  t h e  p o l i c e  a r e  t o  be d i spa tched  t o  t h e  scene  
of  t h e  i n c i d e n t ,  t h e  c o s t  of  f a l s e  alarms may be s i g n i f i c a n t  
a s  t h e  p o l i c e  a r e  de layed i n  r each ing  " r e a l "  i n c i d e n t s  
because of  t h e  n e c e s s i t y  t o  go t o  t h e  s i tes  of  one o r  more 
f a l s e  alarms.  
The development of  a  u s e f u l  system s t r u c t u r e  r e q u i r e s  
t h e  d e f i n i t i o n  of  t h e  o b j e c t i v e s  of t h e  system and t h e  
measures of  e f f e c t i v e n e s s  t o  be used i n  t h e  e v a l u a t i o n  of  
t h e  c a n d i d a t e  a l t e r n a t i v e s .  The r e s u l t s  of  t h i s  e f f o r t .  a r e  
d e s c r i b e d  i n  t h e  n e x t  s e c t i o n  of t h i s  chap te r .  The g e n e r a l  
n a t u r e  of  t h e  i n c i d e n t  d e t e c t i o n  p a r t  of t h e  t a s k  i s  i n ~ d i -  
c a t e d  i n  F igure  2 i n  which t h e  t ime f a c t o r  of de lay  is  shown 
a g a i n s t  t h e  l i k e l i h o o d  t h a t  an  i n c i d e n t  i s  s i g n a l e d  by t h e  
d e t e c t i o n  system. The problem of t h e  f a l s e  s i g n a l  i s  i n d i c a t e d ,  
a s  w e l l  a s  t h e  t ime l a g  i n  s i g n a l i n g  t h e  occurrence  of  an 







THE INCIDENT DETECTION MODEL PROBLEM 
OBJECTIVES AND FIGURES OF MERIT 
The pr imary  g o a l  o f  a n  u rban  freeway o p e r a t i o n a l  system 
should  b e  t o  improve t h e  convenience and s a f e t y  o f  t h e  
freeway. The achievement o f  t h i s  g o a l  can be approached 
by adop t ing  i n c i d e n t - r e l a t e d  o b j e c t i v e s  concerned w i t h  a c c i -  
d e n t  occur rence ,  t r a v e l  and w a i t i n g  t i m e  and smoothness of 
f low. E x p l i c i t l y ,  t h e  o b j e c t i v e s  of  an  urban freeway inci- 
d e n t  d e t e c t i o n  and r e s p o n s e  system should  be  t o :  
1. Reduce t h e  t o t a l  d e l a y  caused by i n c i d e n t s ;  
2 .  Res to re  o p e r a t i o n s  t o  t h e i r  p r e - i n c i d e n t  l e v e l  
a s  r a p i d l y  a s  p o s s i b l e ;  
3 .  Reduce' t h e  f requency of  a c c i d e n t s  "caused by" 
i n c i d e n t s ;  and 
4 .  Reduce t h e  s e v e r i t y  of a c c i d e n t s  due t o  
i n c i d e n t s .  . 
The s p e c i f i c  measure of  t h e s e  o b j e c t i v e s  can be expressed  
i n  terms of  t h e  t i m e  r e sponses  t o  t h e  v a r i o u s  f u n c t i o n s  t o  
be  performed. To a l a r g e  e x t e n t ,  t h e s e  time responses  a r e  
dependent  on communication, queuing and t r a n s p o r t a t i o n  
problems. The f o l l o w i n g  paragraphs  i d e n t i f y  s p e c i f i c  c r i t e r i a  
which can be  used t o  e v a l u a t e  p a r t s  o r  e n t i r e  o p e r a t i o n a l  
systems which a r e  t o  f u l f i l l  some r o l e  i n  a c h i e v i n g  t h e s e  
o b j e c t i v e s .  These c r i t e r i a  a r e  o f t e n  expressed  i n  terms 
of  p r o b a b i l i t i e s  because of t h e  s t o c h a s t i c  n a t u r e  of t h e  
p r o c e s s e s  and t h e  u l t i m a t e  t r a d e o f f s  among a l t e r n a t i v e s  
t h a t  may have t o  be made because of t h i s  s t a t i s t i c a l  
v a r i a t i o n .  
A s  i n d i c a t e d  i n  t h e  i n t r o d u c t i o n ,  t h e  e s t i m a t e d  d e l a y  
caused by urban freeway i n c i d e n t s  i s  o f t e n  ve ry  l a r g e .  
F i g u r e  3 shows t h e  e f f e c t s  o f  t h e  most s i g n i f i c a n t  c r i t e r i o n  
a f f e c t i n g  t h i s  d e l a y ,  t h e  t ime of  r e s t o r a t i o n  o f  c a p a c i t y  
f low. I n  t h e  f i g u r e  an  i n c i d e n t  comple te ly  b locks  t h e  
freeway f o r  a  s h o r t  t ime.  There i s  r e s t r i c t e d  f low u n t i l  
removal of t h e  i n c i d e n t  a g a i n  makes p o s s i b l e  c a p a c i t y  flow. 
Ending t h e  i n c i d e n t  sooner  reduces  t h e  number of  v e h i c l e s  
de layed ,  r educes  t h e  w a i t i n g  t i m e  f o r  many o f  t h o s e  who a r e  
de layed and reduces  t h e  p e r i o d  d u r i n g  which peak c a p a c i t y  
d i s c h a r g e  a t  t h e  b o t t l e n e c k  d e l a y s  downstream ramp u s e r s  
i n  e n t e r i n g  t h e  freeway u n t i l  t h e  c a p a c i t y  f low i s  no longer  
necessa ry  and t h e  ramp c o n t r o l  system can a g a i n  p rov ide  
e n t r a n c e  o p p o r t u n i t i e s .  
Cur ren t  t h i n k i n g  r e g a r d i n g  t h e  o p e r a t i o n  of freeway 
c o n t r o l  systems r e c o g n i z e s  t h a t  t h e  d e t e c t i o n  of  a  c a p a c i t y -  
r educ ing  i n c i d e n t  should  i n i t i a t e  a  modif ied in fo rmat ion  
and c o n t r o l  s t r a t e g y  t h a t  w i l l  respond t o  t h e  lowered capa- 
c i t y  a t  t h e  i n c i d e n t  s i t e .  This  should  be  accomplished by 
reduc ing  i n p u t  upstream from t h e  s i t e ,  d i r e c t i n g  t r a f f i c  
FIGURE 3 
EFFECTS OF A CAPPCITY-REDUCING INCIDENT 
through t h e  b o t t l e n e c k  a t  t h e  h i g h e s t  f low c o n s i s t e n t  wi th  
good management a t  t h e  i n c i d e n t  s i t e  and a l lowing more 
v e h i c l e s  access  t o  t h e  freeway downstream t o  f u l l y  u t i l i z e  
t h e  unused c a p a c i t y .  F igure  4 shows an  i n c i d e n t  s i m i l a r  t o  
t h a t  p resen ted  i n  F igure  3 i n  which t h e  i n c i d e n t  d e t e c t i o n  
and t h e  es tab l i shment  of  a  r e s t r i c t e d  f low c a p a c i t y  a r e  
taken i n t o  account  by t h e  in fo rmat ion  and c o n t r o l  system t o  
encourage some upstream d r i v e r s  t o  fo l low an a l t e r n a t e  r o u t e  
and r e s t o r e  f a v o r a b l e  o p e r a t i n g  c o n d i t i o n s  e a r l i e r  than  
would o the rwise  be t h e  case .  The c r i t e r i a  t h a t  a r e  r e l e v a n t  
a r e  t h e  prompt n o t i f i c a t i o n  of t h e  occurrence  and end of  t h e  
i n c i d e n t  and in fo rmat ion  on t h e  maximum a l lowable  f low 
p o s s i b l e  dur iny  t h e  blockage. This  i n d i c a t e s  a  minimum need 
f o r  one o r  more measures of t r a f f i c  Eiow. 
Another d e s i r a b l e  f e a t u r e  of an i n c i d e n t  d e t e c t i o n  
system i s  t h e  a b i l i t y  t o  d e t e c t  t h o s e  i n c i d e n t s  which have 
a  s i g n i f i c a n t  impact on freeway o p e r a t i o n s .  This  impl ies  
t h a t  t h e  d e t e c t i o n  of many shou lde r  o r  o t h e r  off-freeway 
i n c i d e n t s  i s  n o t  impor tant  because of t h e i r  smal l  impact on 
freeway o p e r a t i o n s .  However, t h e r e  a r e  off-freeway a c c i d e n t s  
and "busy" shou lde r  i n c i d e n t s  t h a t  can produce an e f f e c t i v e  
c a p a c i t y  r e d u c t i o n  and which must be d e t e c t e d  by an e f f e c t i v e  







TRAFFIC CONTROL RESPONSE 
Some on-freeway i n c i d e n t s  may n o t  b e  d e t e c t a b l e .  These 
would most l i k e l y  be momentary s t a l l s  and minor a c c i d e n t s  
where t h e  involved v e h i c l e s  promptly l e a v e  t h e  scene o r  
t h e  d r i v e r s  have l i t t l e  t r o u b l e  r each ing  a  shoulder .  
An e f f e c t i v e  system should minimize f a l s e  alarms. I n c i -  
d e n t s  a r e  r a r e  enough t h a t  even a  smal l  number of f a l s e  
alarms may be a  s i g n i f i c a n t  p ropor t ion  of t h e  i n c i d e n t  s i g -  
n a l s .  S ince  one of t h e  o p e r a t i o n a l  o b j e c t i v e s  of t h e  
d e t e c t i o n  system i s  t o  provide  t h e  s u r v e i l l a n c e  c o n t r o l l e r  
wi th  t h e  necessary  f l e x i b i l i t y  t o  a d j u s t  c o n t r o l  parameters  
a s  c o n d i t i o n s  war ran t ,  a  f a l s e  alarm has t h e  p o t e n t i a l  of 
caus ing l e s s  than  f u l l  u t i l i z a t i o n  of t h e  c a p a c i t y  of  t h e  
system. 
Another d e s i r a b l e  c r i t e r i o n  i s  t h a t  t h e  system should 
promptly t r a n s m i t  enough in fo rmat ion  t o  permi t  a  s u f f i c i e n t l y  
a c c u r a t e  d i a g n o s i s  of t h e  c h a r a c t e r  of an i n c i d e n t  i n  o r d e r  
t o  d i s p a t c h  t h e  c o r r e c t  t y p e  of a s s i s t a n c e .  An e f f e c t i v e  
system a l s o  provides  informat ion  t h a t  w i l l  enable  t h e  opera- 
t o r  t o  determine t h e  c o s t  i n  l i v e s  o r  de lay  t h a t  w i l l  r e s u l t  
from a  f a i l u r e  t o  respond immediately t o  t h e  i n c i d e n t .  I n  
t h i s  way t h e  response  s t r a t e g y  t o  a  w a i t i n g  l i n e  of  i n c i d e n t s  
can a p p r o p r i a t e l y  a s s i g n  p r i o r i t y  t o  t h o s e  f o r  which t h e  
c o s t s  a r e  t h e  g r e a t e s t .  
There a r e  s e v e r a l  c h a r a c t e r i s t i c s  d e s i r a b l e  i n  a  
communication channel  used t o  t r a n s m i t  informat ion  t h a t  an  
i n c i d e n t  has taken p lace .  I n c i d e n t s  a t  d i f f e r e n t  l o c a t i o n s  
should n o t  compete wi th  each o t h e r  i n  t h e  use  of t h e  communi- 
c a t i o n  channel.  I t  i s  p a r t i c u l a r l y  d e s i r a b l e  i f  t h e  
communication channel e x i s t s  and i t s  usage f o r  i n c i d e n t  
d e t e c t i o n  does n o t  i n t e r f e r e  w i t h  i t s  o t h e r  purposes.  I t  is 
d e s i r a b l e  t h a t  t h e  system be i n t e g r a b l e  w i t h  o t h e r  highway 
and v e h i c l e  systems, and t h a t  it be  capable  of  being i-mple- 
mented a s  needed, n o t  r e q u i r i n g  a l a r g e r  investment  than  
i n i t i a l l y  adequate t o  meet t h e  c u r r e n t  problem. 
Pr ivacy,  t h e  p r o t e c t i o n  of t h e  d i s a b l e d  v e h i c l e  from 
those  who would prey on it and i t s  occupants ,  i s  becorning 
an i n c r e a s i n g l y  d e s i r a b l e  c h a r a c t e r i s t i c  of t h e  commuinication 
channel .  
S p a t i a l l y ,  t h e  system should be a b l e  t o  d e t e c t  t h e  
l o c a t i o n  of an i n c i d e n t  t o  a  degree  which is  s a t i s f a c t o r y  
f o r  t h e  response  d i s p a t c h  and freeway c o n t r o l .  A t  t h e  same 
t i m e ,  t h e  system should be s e n s i t i v e  t o  i n c i d e n t s  t h a t  occur 
a t  any l o c a t i o n  on t h e  freeway o r  right-of-way where p u b l i c  
a c t i o n  i s  appropr ia te .  
E a r l i e r  i n  t h e  c h a p t e r ,  numerous examples of t h e  
f a l l i b i l i t y  of t h e  i n d i v i d u a l  m o t o r i s t s  were pointed  ou t .  
I t  i s  t h e r e f o r e  be l i eved  t h a t  a  d e s i r a b l e  c r i t e r i o n  be 
used i n  t h e  e v a l u a t i o n  of  a  cand ida te  system would be i t s  
lack of dependence on voluntary motorist  cooperation. 
Another important c r i t e r i o n  i s  the r e l i a b i l i t y  of operation 
i n  the  sense of mechanical o r  operat ional  a b i l i t i e s  t o  
respond when needed and not f a i l  because of an  ex terna l  
cause o r  weakness. The capabi l i ty  of easy and frequent 
se rv iceab i l i ty  checks i s  deemed t o  be a highly des i rable  
c h a r a c t e r i s t i c .  
A cons is ten t  response i n  which the time var iables  a re  
o r  a re  nearly constant i s  much more des i rable  f o r  the s t a t e d  
object ives  than i s  a  highly var iable  response. 
Among the changing environmental conditions with which 
the idea l  detect ion system must cope i s  the weather and i t s  
e f f e c t  on v i s i b i l i t y  and the will ingness of motorists t o  
leave t h e i r  vehicles  t o  give a id  o r  seek ass is tance .  Darkness 
i s  a l so  a  condition which i s  frequently encountered during 
hours of peak flow and the e f fec t ive  operation of a  system 
under t h i s  condition i s  an important c r i t e r i o n  of a  successful 
detect ion approach. 
Figure 5 shows the time-related e f fec t ive  operations 
of a  system which would s a t i s f y  many of the c r i t e r i a  l i s t ed  
above, A shor t  time a f t e r  the  occurrence of the inc ident ,  







INCIDENT DETECTION MODEL 
RESPONSE TO INCIDENT 
i n c r e a s e  r a p i d l y  w i th  time. After a s h o r t  i n t e r v a l ,  t h e  
p r o b a b i l i t y  of d e t e c t i o n  i s  near  100%. Following t h e  end 
of  t h e  i n c i d e n t ,  t h e  p r o b a b i l i t y  of a s i g n a l  t h a t  t h e  
capaci ty- reducing i n c i d e n t  i s  ended i s  very high.  
THE MODEL 
The g e n e r a l  model envisaged f o r  t h e  systems a n a l y s i s  
of a l t e r n a t i v e  i n c i d e n t  d e t e c t i o n  and response  cand ida te  
systems i s  a c o s t - e f f e c t i v e n e s s  model i n  which every can- 
d i d a t e  system i s  eva lua ted  w i t h  r e s p e c t  t o  t h e  c r i t e r i a  l i s t e d  
i n  t h e  previous  s e c t i o n .  Costs  f o r  i n s t a l l i n g  and o p e r a t i n g  
each system a r e  es t ima ted  and t h e  d e c i s i o n  on which system 
t o  adopt  i s  based on convent ional  mult idimensional  cos t -  
e f f e c t i v n e s s  techniques .  
I n  t h i s  r e s e a r c h ,  e f f o r t s  a r e  p a r t i c u l a r l y  d i r e c t e d  
toward t h e  t imes of  occurrence  of t h o s e  even t s  which a r e  
needed f o r  t h e  measures of e f f e c t i v e n e s s .  The fo l lowing 
paragraphs d e s c r i b e  t h e  even t  t ime sub-model developed f o r  
t h i s  r e sea rch .  
F igure  6 p r e s e n t s  a s t r u c t u r i n g  of t h e  h i s t o r y  of a 
s i n g l e  i n c i d e n t  from t h e  viewpoint  of t h i s  r e sea rch .  Impor- 
t a n t  even t s  a r e  shown i n  t h e  boxes whi le  con t inu ing  a c t i -  
v i t i e s  a r e  shown between t h e  boxes. The t y p i c a l  response  
of urban freeway t r a f f i c  f low t o  a capaci ty- reducing i n c i -  
d e n t  i s  given on t h e  r ight-hand s i d e  of t h e  f i g u r e .  When 
demand exceeds t h e  i n c i d e n t  l o c a t i o n  c a p a c i t y  a s  shown h e r e ,  
conges t ion  c o n t i n u a l l y  i n c r e a s e s  u n t i l  t h e  i n c i d e n t  i s  
terminated .  
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HISTORY OF AN INCIDENT 
I t  is  a p p a r e n t  t h a t  a n  improvement of o p e r a t i n g  
c o n d i t i o n s  can be achieved by making t h e  time of  any pos t -  
i n c i d e n t  e v e n t  occur  e a r l i e r .  These e v e n t s  a r e  tl, t h e  
t ime t h a t  a  s i g n a l  i n d i c a t i n g  t h e  p resence  o f  t h e  incidlent 
i s  r e c e i v e d  a t  t h e  o p e r a t i n g  agency ' s  communication c e n t e r ;  
t2, t h e  de te rmina t ion  o f  t h e  type  of a i d ,  wrecker ,  p o l i c e ,  
mechanica l ,  e t c . ,  r e q u i r e d  a t  t h e  s i t e ;  t j ,  th,e times of  
t h e  d e t e r m i n a t i o n  o r  upda t ing  of  t h e  a p p r o p r i a t e  c o n t r o l  
r e sponse  t o  ma in ta in  op t ima l  freeway flow; t4, t h e  a r r i v a l  
of t h e  a i d  v e h i c l e  a t  t h e  s i te ;  t5, t h e  complet ion of t h e  
i n c i d e n t  through r e s t o r a t i o n  of t h e  s i t e  t o  t h e  c a p a c i t y  
t h a t  e x i s t e d  p r i o r  t o  t h e  occur rence  of t h e  i n c i d e n t ;  and 
t6, t h e  t r a n s i t i o n  p o i n t  a t  which o p e r a t i o n a l  in fo rmat ion  
and c o n t r o l  r e sponses  change i n  r e a c t i o n  t o  t h e  removal of  
t h e  i n c i d e n t .  
This  sequence i s  n o t  fo l lowed f o r  every  i n c i d e n t  a s  
d e f i n e d  i n  t h i s  s tudy .  Some i n c i d e n t s  a r e  r e s o l v e d  by t h e  
involved m o t o r i s t  h imse l f .  For  example, a  t i r e  f a i l u r e  
r e s u l t i n g  i n  a v e h i c l e  s t a l l e d  s o  nea r  t h e  t r a v e l e d  l a n e s  
t h a t  t r a f f i c  f low i s  impeded i s  f r e q u e n t l y  handled by t h e  
m o t o r i s t  by changing t h e  t i r e  and then  d e p a r t i n g ,  Such an 
i n c i d e n t  r e q u i r e s  no a i d .  On t h e  o t h e r  hand, t h e  chance 
a r r i v a l  of a  wrecker might r e s u l t  i n  t h e  v e h i c l e  be ing  moved 
t o  a  l o c a t i o n  where there i s  l i t t l e  o r  no e f f e c t  on t r a f f i c  
s t r eam flow. I n  some c a s e s  t h e  i n c i d e n t  may be  d e t e c t e d ,  
the aid type determined and dispatched only to find that 
the incident has been terminated for any of several reasons. 
Once an incident has been detected, two types of 
information are required to respond in a way that will 
satisfy the criteria listed earlier. One of these is to 
determine the nature of the incident so that proper aid 
can be dispatched to the motorist and the sequence of events 
required to clear the incident from the freeway begun. The 
other is to introduce the optimal freeway information and 
control parameters. If the form of response required is not 
adequately determined by the detection scheme, delay in 
removing the incident or changing control can be expected 
as a result of the necessity to communicate further, often 
following the arrival of a police officer. 
The events shown in response to an incident result from 
several types of actions: the surveiLlance of the freeway 
seeking evidence of an incident; the determination of the 
nature of the response deemed appropriate for an incident 
that has been detected; the implementation of an appropriate 
control strategy; the arrival of the response vehicle at 
the site; and the provision of assistance and restoration of 
capacity at the site. In this structuring there is a 
continuing flow of information to the operational control 
system. In evaluating candidate operational systems for 
their effectiveness in meeting the incident-response problem 
it i s  necessary  t o  p l a c e  a p p r o p r i a t e  weight  on t h e  f u n c t i o n s  
served,  both  w i t h i n , a n d  o u t s i d e  of t h i s  problem. P o l i c e  
p a t r o l s  on freeways a r e  c a r r i e d  o u t ,  f o r  example, f o r  o t h e r  
purposes than  i n c i d e n t  d e t e c t i o n .  I t  i s  a l s o  apparent  t h a t  
a  c r u i s i n g  p o l i c e  v e h i c l e  i s  capable  of d e t e c t i n g  an i n c i -  
d e n t ,  determining t h e  needed response ,  communicating a con- 
t r o l  s t r a t e g y  and f r e q u e n t l y  providing t h e  needed a i d ,  Other 
systems may f u l f i l l  only  some of t h e s e  func t ions .  
I n  terms of reducing t h e  t o t a l  d u r a t i o n  of  an  i n c i d e n t  
and t h e  corresponding adverse  e f f e c t  on t r a f f i c  o p e r a t i o n s ,  
t h e  t i m e  from i n c i d e n t  occurrence  u n t i l  de te rmina t ion  of t h e  
a p p r o p r i a t e  response  may be a s  impor tant  a  f a c t o r  a s  t h e  time 
t o  d e t e c t i o n ,  and hence i s  a l s o  an impor tant  c o n s i d e r a t i o n  
f o r  t h e  i n c i d e n t  d e t e c t i o n  scheme. The longer  an i n c i d e n t  
t h a t  i s  adverse ly  a f f e c t i n g  t r a f f i c  o p e r a t i o n s  goes undetec ted ,  
t h e  more t h e  number of  delayed v e h i c l e s  i n  t h e  queue upstream 
i n c r e a s e s  a s  does t h e  t ime it w i l l  t a k e  f o r  t h i s  conges t ion  
t o  be  d i s s i p a t e d .  A s  t h e  t ime l a g  f o r  i n c i d e n t  d e t e c t i o n  
becomes a l a r g e r  p r o p o r t i o n  of t h e  t o t a l  d u r a t i o n  of  t h e  
i n c i d e n t ,  t h e  c o n t r o l  response  becomes l e s s  e f f e c t i v e .  
The i d e a l  d e t e c t i o n  of a  capaci ty-reducing incidlent,  
tl' would happen a s  soon a s  t h e  i n c i d e n t  occurs .  There a r e  
few systems which o f f e r  t h e  p o s s i b i l i t y  of accomplishing t h i s  
objec t ive .  On the  o ther  hand, the ac tua l  de tec t ion  of a  
capacity reduction r e s u l t i n g  from an incident  i s  a  good 
indica tor  of the character  of the congestion problem s ince  
the  magnitude of the  inc iden t ' s  e f f e c t s  on t r a f f i c  i s  
determined by the demand conditions t h a t  pe r t a in  a t  t h a t  
time and the  nature of the  incident .  
Some detection-response systems generate " f a l s e  alarms." 
A f a l s e  alarm w i l l  exact cos ts  o r  reduce benef i t s  when it 
r e s u l t s  i n  the  needless waste of resources associated with 
the  dispatch and t r a v e l  of a response vehicle  t o  a  non- 
e x i s t e n t  inc ident  o r  the actuat ion of a  flow-reducing cont ro l  
response when not needed. An equally ser ious  problem i s  
the case of a  f a l s e  alarm s igna l  delaying the determination 
of the  required a id  and the  response veh ic le ' s  a r r i v a l  a t  
the s i t e  of an ac tua l  inc ident  because of the  time required 
t o  process the  f a l s e  alarm. 
In  summary, the recommended time related cost-effect ive-  
ness model elements a r c  based on the  time cos t s  t o  freeway 
users  shown i n  Figure 4 .  An extension of a  B r i t i s h  model 
of time savings requi res  the  a v a i l a b i l i t y  o r  development 
of the information l i s t e d  below f o r  the  evaluation of a  
candidate system ( 3 4 )  . 
1. T r a f f i c  flow and i n p u t  demand. 
2.  Flow reduc t ion  caused by an inc iden t .  
3. Inc iden t  event  t imes:  
a .  tit inc iden t  d e t e c t i o n  time; 
b. t2, response a i d  determinat ion time; 
c .  t3' information and con t ro l  response 
time (or  t i m e s ) ;  
d.  t4, response veh ic l e  a r r i v a l  t i m e ;  
e .  t5, inc iden t  terminat ion t i m e ;  and 
f .  t6, f i n a l  information and con t ro l  response 
change time. 
4 .  Flow improvement achieved a f t e r  a r r i v a l  of 
response veh ic le .  
5.  F rac t ion  of t r a f f i c  d ive r t ed  upstream and 
non-freeway t r a v e l  time f o r  t h a t  t r a f f i c .  
6. Reductions i n  delay t o  downstream veh ic l e s  
queued a t  ramps. 
The app l i ca t ion  of t h i s  model should make eva lua t ion  of t h e  
t ime-rela ted elements s t ra igh t forward .  
I N C I D E N T  DETECTION AND RJ3SPONSE SYSTEMS 
There a r e  many e x i s t i n g  and proposed systems which 
p l a y  a r o l e  i n  t h e  t imes  of d e t e c t i o n ,  i d e n t i f i c a t i o n  of  
a i d  r e q u i r e d  and d e t e r m i n a t i o n  of c o n t r o l  r e sponse ,  t h e  
main concerns of  t h i s  s tudy .  While t h e  c a p a b i l i t i e s  of  
t h e s e  systems t o  accomplish o t h e r  freeway o p e r a t i o n a l  t a s k s  
i s  o f t e n  of  g r e a t  s i g n i f i c a n c e ,  i t  i s  impor tan t  t o  be a b l e  
t o  e v a l u a t e  t h e s e  systems from t h e  l i m i t e d  b u t  impor tan t  
v iewpoint  of  i n c i d e n t  d e t e c t i o n  and response .  
There a r e  s e v e r a l  p o s s i b l e  systems t h a t  can be  used 
t o  f u l f i l l  t h e  s u r v e i l l a n c e  f u n c t i o n  t h a t  cu lmina tes  i n  t h e  
d e t e c t i o n  of a  capac i ty - reduc ing  i n c i d e n t ,  The on ly  e x i s t i n g  
system t h a t  i s  cont inuous  i n  both  time and space  i s  a  t e l e -  
v i s i o n  system w i t h  c o n s t a n t  moni tor ing .  Systems which s c a n  
each l o c a t i o n  a t  d i s c r e t e  i n t e r v a l s  i n c l u d e  t e l e v i s i o n  
systems w i t h  i n t e r m i t t e n t  moni tor ing ,  p o l i c e  and mechanical  
a i d  p a t r o l s  and o b s e r v a t i o n  from moving a i r c r a f t .  C i t i z e n s  
Band r a d i o  equipped v e h i c l e s  which p a s s  i n c i d e n t s  a l s o  f a l l  
i n  t h i s  c l a s s i f i c a t i o n .  Other  systems which p rov ide  i n f o r -  
mation f o r  f i x e d  l o c a t i o n s  on demand i n c l u d e  r o a d s i d e  
t e l ephone  systems and approaches t h a t  r e l y  on c o o p e r a t i v e  
p a s s i n g  m o t o r i s t s .  
The t r a d i t i o n a l  means of urban freeway i n c i d e n t  de tec -  
t i o n  i s  t h e  p o l i c e  t r a f f i c  p a t r o l .  A 1963 survey of  88  
l a r g e  American c i t i e s  found t h a t  a l l  of them have some 
r e g u l a r  p r o v i s i o n  f o r  p o l i c e  freeway s u r v e i l l a n c e ,  a l though  
most d i d  n o t  a s s i g n  s p e c i a l  enforcement and a c c i d e n t  in7ves- 
t i g a t i o n  personnel  t o  freeway duty  only .  Most f r e q u e n t l y ,  
a  freeway was p a t r o l l e d  from a  f r o n t a g e  road two o r  t h r e e  
t imes an hour a s  p a r t  of r e g u l a r  p o l i c e  p a t r o l s  of  t h e  c i t y .  
I n c i d e n t s ,  of course ,  va ry  i n  t h e i r  impact on freeway t r a f f i c ,  
and i n  p r a c t i c e  t h e  d e t e c t i o n  of  t h e  more s e r i o u s  capac i ty -  
reducing i n c i d e n t s  by p o l i c e  p a t r o l  i s  g iven more a t t e n t i o n  
and e f f o r t .  S ince  t h e s e  may produce c o n s i d e r a b l e  conges t ion  
over  some d i s t a n c e ,  t h i s  unexpected conges t ion  o f t e n  s e r v e s  
t o  a l e r t  p o l i c e  u n i t s  upstream o r  p a s s i n g  nea r  t h e  freeway. 
An e a r l y  s tudy  of  4 6  freeway a c c i d e n t s  on a  s e c t i o n  of 
t h e  Lodge Freeway i n  D e t r o i t  i n d i c a t e d  an average  response  
t ime by t h e  p o l i c e  of  7.9 minutes ( 2 6 ) .  The average response  
t i m e  f o r  39 v e h i c l e  breakdowns on t r a f f i c  l a n e s  was 5 .2  
minutes.  A t  t h e  t ime of  t h e  s tudy ,  t h e  Freeway was r e g u l a r l y  
p a t r o l l e d  by freeway t r a f f i c  c o n t r o l  and a s s i s t a n c e  u n i t s  
o p e r a t i n g  a s  a s e p a r a t e  u n i t  of  t h e  D e t r o i t  P o l i c e  Department. 
Other  p o l i c e  u n i t s  used t h e  Lodge Freeway and f r o n t a g e  roads  
a s  t r a v e l  r o u t e s  and t h u s  c o n s t i t u t e d  an  a d d i t i o n a l  i r r e g u l a r  
p a t r o l .  P r i v a t e  tow t r u c k s  i n  r a d i o  c o n t a c t  w i t h  t h e  p o l i c e  
a l s o  conducted an i r r e g u l a r  freeway s u r v e i l l a n c e .  
As an incident detection system, police surveillance 
has several advantages. Since officers are at the incident 
scene they know exactly the nature of the incident and are 
able to communicate this information by radio to the free- 
way surveillance control center and to appropriate sources 
of aid. There may be an initial. time lag before this infor- 
mation is relayed to the control center, but the police 
will later be able to state the exact time the incident 
ceases to be a traffic hindrance. Police surveillance is 
indispensable for the handling of incidents and as a service 
to the freeway user. It must be considered an integral part 
of the freeway control system. 
There are several systems that utilize fixed observers 
charged with the responsibility for surveillance, incident 
detection and communication. Television surveillance systems 
have been established that maximize the advantages of the 
human observer and interpreter and rinimize the time lag for 
detection. Operational systems are increasingly being 
reserved for specific troublesome areas such as bridges or 
tunnels. A single observer can keep a large segment of 
freeway, 3.2 miles in the case of the Lodge Freeway, under 
continual visual surveillance with a fairly high degree of 
probability of detection of incidents except those of very 
short duration. A system of TV monitors on an urban express- 
way, however, did not yield adequate information to permit 
a remote viewer to deduce the reason for stoppages on the 
shoulder in the majority of instances (5). 
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The probability of detection is partly a function o f  
observer training, ability, dedication and fatigue over 
time. A study of observers of the Lodge Freeway television 
system found that the best test subject detected only 78% 
of the estimated total number of incidents taking place 
during the study (4). This is still a high level of surveil- 
lance. As a supplement to police surveillance, television 
surveillance on the Lodge Freeway has significantly reduced 
police response time to accidents by an average of 2.5 minutes 
(from 7.9 to 5.4 minutes) according to a 1965 study (21). 
On-freeway incidents doubtless have a very small time lag 
for television detection since the ensuing congestion would 
quickly attract the attention of the observer even if the 
incident did not. 
One difficulty with television surveillance as 
implemented on the Lodge Freeway where the cameras are 
mounted on overpasses is the multiplicity of cameras required 
to obtain thorough coverage. It has been suggested that 
cameras equipped with telephoto lenses be installed on 
nearby tall buildings, towers, or even suspended from balloons 
positioned over the freeway to achieve comparable coverage 
with fewer cameras ( 4 7 ,  4 8 ) .  The use of aircraft for 
surveillance greatly increases the viewing range. The 
ability to see more of the freeway than an observer on the 
ground or in a car partially offsets the fact that aerial 
surveillance occurs only at periodic intervals. Weinberg 
considers aerial surveillance to be inherently more effi- 
cient in the use of the observer's time than television 
surveillance. The television operator spends much of his 
time observing normal freeway operations while the aerial 
observer with his great mobility can cover a larger area 
and move promptly to oversee a traffic problem. There is 
little information in the technical literature concerning 
time lags in the detection of freeway incidents when air- 
craft are used. For the wide range of visual observation, 
the response time for a major incident with its resulting 
congestion could be fairly short, although probably not 
competitive with television surveillance. 
Aerial surveillance is somewhat vulnerable to weather 
and visibility conditions. Helicopter operations can be 
grounded by high winds, fog, or severe icing conditions, 
although in Buffalo this stops a daily helicopter patrol 
only an average of six times a year ( 4 7 ) .  Fixed-wing air- 
craft are also affected by low cloud ceilings since they must 
stay at higher altitudes than helicopters. It should be 
pointed out that television surveillance is very satisfactory 
under these various climatic conditions. 
Both fixed-wing a i r c r a f t  and h e l i c o p t e r s ,  t h e  l a t t e r  
c o n s i d e r a b l y  more expensive  i n  hour ly  o p e r a t i n g  c o s t ,  have 
been employed i n  v a r i o u s  c a p a c i t i e s  by p o l i c e  depar tments ,  
r a d i o  s t a t i o n s  and r e s e a r c h e r s  f o r  t r a f f i c  s u s v e i l l a n c ~ e .  
They a r e  q u i t e  c a p a b l e  of d e t e c t i n g  any i n c i d e n t  i n v o l v i n g  
s topped v e h i c l e s .  A s tudy  of  i n c i d e n t  d e t e c t i o n  by fixed-wing 
a i r c r a f t  p a t r o l  on r u r a l  C a l i f o r n i a  highways r e s u l t e d  i n  2 3 %  
of t h e  i n c i d e n t s  observed being d i s a b l e d  v e h i c l e s  and 1.6% 
parked o r  abandoned v e h i c l e s  ( 2 2 ) .  Weinberg concluded t h a t  
a  l i g h t  a i r c r a f t  p a t r o l l i n g  a t  85 mph a t  about  2000 t o  3000 
f e e t ,  c o n s i s t e n t  w i t h  t h e  o p e r a t i n g  c a p a b i l i t i e s  of  t h e  
a i r c r a f t ,  p rov ides  good a r e a  coverage and i s  s a t i s f a c t o r y  
f o r  t h e  o b s e r v a t i o n  of  s p e c i f i c  d e t a i l s  ( 4 7 ) .  
A s  a n  a l t e r n a t i v e  t o  s e a r c h i n g  f o r  capac i ty - reduc ing  
i n c i d e n t s ,  it has  been sugges ted  t h a t  such i n c i d e n t s  seek  
o u t  t h e  freeway c o n t r o l  c e n t e r .  Systems u s i n g  t h i s  p r i n c i p l e  
i n v o l v e  t h e  i n s t a l l a t i o n  of r a d i o s ,  r o a d s i d e  t e l ephones  o r  
some o t h e r  road o r  v e h i c u l a r  communication dev ice .  The 
b e n e f i t s  t o  m o t o r i s t s  i n  r u r a l  a r e a s  where p a t r o l s  may be  
s p o r a d i c  and d i s t a n c e s  t o  p r i v a t e  t e l ephones  g r e a t  a r e  apparen t ,  
b u t  t h e s e  i n s t a l l a t i o n s  a r e  a l s o  a c t i v e l y  cons ide red  and 
implemented i n  urban freeway systems.  Should c a l l s  of  d i s -  
tress be a u t o m a t i c a l l y  r e l a y e d  t o  t h e  freeway s u r v e i l l a n c e  
c e n t e r  a s  w e l l  a s  t h e  p o l i c e ,  t h i s  would amount t o  a  form of 
i n c i d e n t  d e t e c t i o n  where both  t h e  l o c a t i o n  and type  of 
i n c i d e n t  a r e  g iven.  The t ime l a g  f o r  d e t e c t i o n  depends on 
t h e  method by which t h e  m o t o r i s t  communicates t o  t h e  a u t h o r i t i e s .  
I n  a  1966 ~ e t r o i t  p i l o t  p r o j e c t  more than  100 C i t i z e n  Band 
r a d i o s  were i n s t a l l e d  i n  v e h i c l e s  w i t h  a  s p e c i f i c  channel  
a s s igned  f o r  messages t o  t h e  freeway c o n t r o l  c e n t e r  ( 3 ) .  
The D e t r o i t  exper ience  i n d i c a t e d  t h a t  d r i v e r s  i n  t h e  tes t  
v e h i c l e s ,  a s  w e l l  a s  many o t h e r s  wi th  privately-owned u n i t s ,  
were very  w i l l i n g  t o  communicate i n c i d e n t  in fo rmat ion .  
Some 2 6 0 0  on-freeway t e l ephone  c a l l  boxes a r e  i n  opera-  
t i o n  on 325 miles of Los Angeles County freeways,  w i t h  c a l l s  
r e l a y e d  d i r e c t l y  t o  s t a t e  o r  county p o l i c e  ( 2 2 ) .  A s tudy  
o f  2483 c a l l s  demonstrated t h e  advantages i n  sav ing  of  p o l i c e  
t ime s i n c e  on ly  20% of t h e  c a l l s  r e q u i r e d  p o l i c e  a s s i s t a n c e .  
A d i sadvan tage  of on-freeway ca l l -boxes  i s  t h a t  i t  encourages 
v e h i c l e s  t o  s t o p  a long  t h e  shou lde r  and people  t o  l e a v e  
t h e i r  v e h i c l e s .  Among t h e  problems i n  t h e  o p e r a t i o n  of c a l l -  
box systems a r e  t h e  t e c h n o l o g i c a l  problems of  ma in ta in ing  
c i r c u i t r y ,  vandalism, and p r o t e c t i o n  a g a i n s t  l i g h t n i n g .  
O p e r a t i o n a l  problems i n c l u d e  f a l s e  a larms a s  w e l l  a s  slow 
p o l i c e  communication c e n t e r  response  t o  incoming c a l l s .  
The good-will  of p a s s i n g  m o t o r i s t s  i s  f u r t h e r  e x p l o i t e d  
i n  a system t h a t  c o n s i s t s  of having them blow t h e i r  horns 
o r  f l a s h  t h e i r  l i g h t s  a t  d e s i g n a t e d  p o i n t s  t o  s i g n a l  an  
i n c i d e n t  (13, 38)  . P r e s e n t l y  be ing  implemented a long a  
50-mile s e c t i o n  of I n t e r s t a t e  4 i n  F l o r i d a ,  an  e l e c t r o n i c  
s e n s o r  w i l l  r e g i s t e r  t h e s e  s i g n a l s ,  and a f t e r  s e v e r a l  had 
been rece ived  would s i g n a l  an alarm t o  a  c e n t r a l  a u t h o r i t y .  
A d isadvantage  of  t h i s  scheme i s  t h a t  t h e  n a t u r e  of t h e  
i n c i d e n t  i s  n o t  known u n t i l  a  p a t r o l  v e h i c l e  r eaches  t h e  
scene ,  thereby i n t r o d u c i n g  a d d i t i o n a l  de lay  i n  g e t t i n g  proper  
a i d  t o  t h e  scene i f  r e q u i r e d .  
The above d e t e c t i o n  schemes a l l  provide  a  form of con- 
t inuous  freeway s u r v e i l l a n c e  a l though t h e  p r o b a b i l i t y  of 
d e t e c t i o n  has  been found t o  be low f o r  t h e  minor types  of 
i n c i d e n t s .  
Table 1 p r e s e n t s  an  e v a l u a t i o n  of  t h e  ef fec t iverkess  of 
s e v e r a l  systems i n  r educ ing  t h e  t ime l a g  between t h e  
occurrence  of t h e  even t s  of p a r t i c u l a r  i n t e r e s t  shown i n  
F igure  6 .  Three of t h e s e  systems,  c losed  c i r c u i t  t e l L e v i s i o n ,  
c o o p e r a t i v e  m o t o r i s t ,  and t r a f f i c  s t ream c h a r a c t e r i s t i c s ,  
were s p e c i f i c a l l y  s t u d i e d  i n  t h e  r e s e a r c h  conta ined i n  t h i s  
r e p o r t .  
The systems which a r e  most e f f e c t i v e  i n  s i g n a l i n g  t h e  
occurrence  of  an i n c i d e n t  ( t ime tl i n  F igure  6 )  i n c l u d e  
c losed  c i r c u i t  t e l e v i s i o n ,  a  s i g n a l  from a  d i s a b l e d  v e h i c l e  
and in fo rmat ion  on macroscopic t r a f f i c  s t ream c h a r a c t e r i s t i c s .  
P o l i c e  p a t r o l s ,  c o o p e r a t i v e  m o t o r i s t s  and r o a d s i d e  te lephone 
systems a r e  deemed on ly  f a i r  i n  t h i s  r e s p e c t .  
TABLE 1 
EVALUATION OF CAPACITY-REDUCING INCIDENT 
DETECTION AND RESPONSE SYSTEMS 
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Time, T i m e ,  t6: 
Fair  Good 
Poor I F a i r  
I Poor ., 
I 
Good 1 Good 1 Good 1 
Af te r  an i n c i d e n t  s i g n a l  i s  received,  t h e  time requi red  
t o  determine t h e  a i d  response needed i s  usua l ly  s h o r t e s t  
when t h i s  information comes d i r e c t l y  from t h e  d i sab led  
v e h i c l e  i t s e l f ,  t h e  roads ide  telephone o r  p o l i c e  p a t r o l s .  
Closed c i r c u i t  t e l e v i s i o n  systems a l s o  perform t h i s  func t ion  
s a t i s f a c t o r i l y .  Cooperative mo to r i s t s  and t r a f f i c  st-ream 
c h a r a c t e r i s t i c s  systems provide l i t t l e  he lp  i n  t h i s  func t ion  
and a r e  r a t e d  a s  poorly performing systems. 
The system which provides t h e  most u se fu l  information 
f o r  rea l - t ime  t r a f f i c  information and c o n t r o l  response i s  
t h e  t r a f f i c  stream c h a r a c t e r i s t i c s  system. Po l i ce  p a t r o l  
and c losed c i r c u i t  t e l e v i s i o n  systems a r e  capable of pro- 
v id ing  some informat ion f o r  t h i s  func t ion ,  b u t  a r e  l imi t ed  
by t h e i r  i n a b i l i t y  t o  provide accura te  numerical scal.ing 
of t he  problem. 
Shortening the  time l a g  between a i d  type determi-nation 
and t h e  end of t h e  i n c i d e n t  and i d e n t i f y i n g  t h e  time when 
t h e  i n c i d e n t  i s  removed i s  accomplished e f f e c t i v e l y  by closed 
c i r c u i t  t e l e v i s i o n ,  p o l i c e  p a t r o l  and t r a f f i c  stream 
c h a r a c t e r i s t i c s  systems. The time when a d d i t i o n a l  i n fo r -  
mation and con t ro l  i s  no t  needed is' b e s t  determined by 
p o l i c e  p a t r o l s  and t r a f f i c  stream c h a r a c t e r i s t i c s .  
From t h i s  e v a l u a t i o n ,  i t  can be seen t h a t  t h e  t r a f f i c  
s t ream c h a r a c t e r i s t i c s  system can be  extremely u s e f u l  i n  
t h e  minimizat ion of t ime l a g s  i n  i n c i d e n t  d e t e c t i o n  and 
response ,  p a r t i c u l a r l y  when rea l - t ime  t r a f f i c  c o n t r o l  systems 
a r e  i n  use.  This  r e s e a r c h  i s  p a r t i c u l a r l y  concerned wi th  
t h e  f u r t h e r  e x p l o r a t i o n  of some of t h e  c h a r a c t e r i s t i c s  of 
t h i s  type  of system. 
COMPARISON OF TELEVISION SURVEILLANCE 
AND C I T I Z E N  BAND RADIO INCIDENT DETECTION 
During 1969 s e v e r a l  of t h e  i n c i d e n t  d e t e c t i o n  systems 
cons ide red  f o r  urban freeways were o p e r a t i o n a l  on t h e  John 
C. Lodge Freeway. P o l i c e  p a t r o l s ,  t e l e v i s i o n  s u r v e i l l a n c e  
and a CB (Citizens-Band) r a d i o  network were i n  use  and a 
r ea l - t ime  computer s u r v e i l l a n c e  and c o n t r o l  system was i n  
o p e r a t i o n .  This  r e s e a r c h  program took advantage of t h e s e  
i n s t a l l a t i o n s  t o  e x p l o r e  t h e  i n t e r a c t i o n  between t h e  Lodge 
Freeway t e l e v i s i o n  s u r v e i l l a n c e  system and t h e  C i t i z e n s  
Band r a d i o  system. 
The "CB Radio Dr ive r  Aid ~ e t w o r k "  s e r v e s  a s  a  roadway 
s u r v e i l l a n c e  system by p rov id ing  two-way communication w i t h  
m o t o r i s t s  owning a CB u n i t .  The system, developed by' t h e  
General  Motors Research L a b o r a t o r i e s ,  has been opera ted  by 
t h e  D e t r o i t  Department of  S t r e e t s  and T r a f f i c  s i n c e  Jiuly 
1966 ( 3 ) .  A s  a  d e t e c t i o n  scheme t h e  CB network i s  a coopera- 
t i v e  m o t o r i s t  system and depends on t h e  w i l l i n g n e s s  of 
o b s e r v e r s  t o  r e p o r t  i n c i d e n t s  they  encounter  whi le  d r i v i n g .  
A major advantage of  t h i s  system i s  i t s  a b i l i t y  t o  provide  
two-way communication from t h e  scene  of t h e  i n c i d e n t !  thus  
de termining t h e  type  of a s s i s t a n c e  needed a t  t h e  i n c i d e n t  
s i t e .  T e l e v i s i o n  s u r v e i l l a n c e  a l s o  has  t h e  c a p a b i l i t y  
of de termining t h e  t y p e  of a s s i s t a n c e  needed a t  an i n c i d e n t  
seen on one of the monitors. The CB system, like television 
surveillance, provides detection by a passive observer not 
in direct communication with the persons involved in the 
incident, unless a CB operator himself is involved. 
The CB system would be expected to experience some 
difficulty in determining assistance needs, but its close 
proximity to the incident should serve to reduce the per- 
centage of unknowns in comparison to television surveillance. 
Bauer, Quinn, and Malo have pointed out that when notified 
of an incident detected by means other than police patrol, 
the police occasionally make their own verification of 
assistance need by dispatching a patrol unit to the incident 
site before requesting specialized aid (3). The Lodge 
television logs (see Appendix A) occasionally note instances 
of the police failing to stop after being notified of an 
incident. It is believed that in these cases a police unit 
passed the site and determined on closer inspection that no 
aid was required. 
A comparison of incident detection experience by the 
two systems was made by examining the records of both the 
television and CB systems for the month of June, 1969. These 
results are reported i-n Chapter Two. 
THE J O H N  C. LODGE FREEWAY CORRIDOR 
CONTROL AND DATA SYSTEM 
The r e s e a r c h  r e p o r t e d  i n  t h i s  s tudy  was conducted a t  
t h e  Nat ional  Proving Ground f o r  Freeway S u r v e i l l a n c e ,  Contro l  
and E l e c t r o n i c  T r a f f i c  Aids i n  t h e  John C. Lodge Freeway 
Corr idor  i n  D e t r o i t ,  Michigan. The John C. Lodge Freeway 
i s  a s i x - l a n e  f a c i l i t y  b u i l t  i n  t h e  e a r l y  1950 's  which 
extends g e n e r a l l y  northwest  from t h e  c e n t r a l  bus iness  d i s -  
t r i c t  t o  t h e  near  nor the rn  suburbs of D e t r o i t .  Computer 
s u r v e i l l a n c e  and c o n t r o l  extends over  an e ight -mi le  s e c t i o n  
northbound from t h e  in te rchange  w i t h  Grand River  Avenue t o  
West McNichols Avenue. The southernmost p o i n t  i s  approxi- 
mately one mi le  nor th  of downtown D e t r o i t  and t h e  nor the rn  
l i m i t  i s  about  two miles sou th  of t h e  c i t y  limits. Peak 
pe r iod  conges t ion  i s  g e n e r a l l y  found throughout  much of t h i s  
s e c t i o n  of t h e  Freeway, p a r t i c u l a r l y  nor th  of t h e  Ford 
Freeway In terchange.  
Every v e h i c l e  e n t e r i n g  o r  l e a v i n g  t h e  Freeway i s  
d e t e c t e d .  To accomplish t h i s ,  d e t e c t o r s  a r e  p laced on a l l  
e n t r a n c e  ramps and e x i t  ramps a s  well a s  a t  t h e  l i m i t s  o f  
t h e  s u r v e i l l a n c e  a r e a .  A t  s e v e r a l  l o c a t i o n s  t h e r e  a r e  
i n d i v i d u a l  l a n e  d e t e c t o r s  over  each of t h e  northbound l a n e s  
( 9 ,  1 0 ,  11, 2 3 ,  4 6 ) .  
The d e t e c t i o n  of  and response  t o  a c c i d e n t s ,  s topped 
v e h i c l e s  and o t h e r  unusual  i n c i d e n t s  has  always been an 
impor tan t  p a r t  of  t h e  Lodge Freeway s u r v e i l l a n c e  and c o n t r o l  
program. A 3 . 2  mile  s e c t i o n  of t h e  Freeway from t h e  Edsel  
Ford In te rchange  n o r t h  t o  t h e  Davison In te rchange  was p laced  
under t e l e v i s i o n  s u r v e i l l a n c e  i n  January  1961. One o f  t h e  
f i r s t  o b s e r v a t i o n s  made a f t e r  s u r v e i l l a n c e  began was t h e  
s e n s i t i v i t y  of freeway o p e r a t i o n s  t o  on-freeway i n c i d e n t s  
( 1 7 ) .  An i n c i d e n t  may have been q u i c k l y  removed t o  t h e  
s h o u l d e r ,  b u t  conges t ion  back-ups a s  much a s  a  mile o r  more 
i n  l e n g t h  and l a s t i n g  an hour o r  more were observed.  
Over t h e  y e a r s ,  t h e  emphasis o f  t h e  i n c i d e n t  d e t e c t i o n  
e f f o r t  on t h e  Lodge Freeway has  s h i f t e d  from p r o v i d i n g  
m o t o r i s t  a i d  t o  minimizing haza rds  and maximizing t r a f f i c  
flow. A s  p r e v i o u s l y  i n d i c a t e d ,  t h e  t e l e v i s i o n  s u r v e i l l a n c e  
system a l o n e ,  a l though  incapab le  of communicating d i r e c t l y  
w i t h  a  m o t o r i s t  i n  need, reduced p o l i c e  response  t ime t o  
an i n c i d e n t  and f a c i l i t a t e d  n o t i f i c a t i o n  of t h e  a p p r o p r i a t e  
form of  a i d  ( p o l i c e ,  ambulance, f i r e  depar tment ,  e t c . ) .  
V a r i a b l e  speed s i g n s  and l a n e  c l o s u r e  s i g n s  were added t o  
t h e  system t o  a l e r t  o t h e r  freeway u s e r s  of  l a n e  b lockages  
and p o s s i b l e  conges t ion  downstream, t h u s  promoting b e t t e r  
t r a f f i c  f low and reduc ing  t h e  p o s s i b i l i t y  o f  v e h i c u l a r  
c o n f l i c t s .  
Recent r e s e a r c h  e f f o r t s  i n  t h e  c o n t r o l  of  freeway i n p u t s  
through ramp meter ing  and e s t a b l i s h m e n t  o f  a l t e r n a t e  r o u t e s  
f o r  freeway u s e r s  provided t h e  means f o r  more e f f e c t i v e  
s u r v e i l l a n c e  and c o n t r o l  of t r a f f i c  o p e r a t i o n s  dur ing  a 
capaci ty- reducing i n c i d e n t .  To e f f e c t i v e l y  implement 
d i v e r s i o n a r y  measures,  it i s  necessary  t o  have a v a i l a b l e  t h e  
means f o r  d e t e c t i n g  t h e s e  i n c i d e n t s .  
The r e s e a r c h  s e c t i o n  of  t h e  Lodge Freeway c o n t a i n s  a  
c l o s e d  network of v e h i c l e  presence  d e t e c t o r s  l i n k e d  t o  a  
c e n t r a l  d i g i t a l  computer. The system i s  capab le  both o f  
s e n s i n g  f l u c t u a t i o n s  i n  t r a f f i c  c o n d i t i o n s  a s  brought. about  
by conges t ion  and c a p a c i t y  r e d u c t i o n s  and of  responding t o  
them through r e s t r i c t i o n s  of ramp i n p u t s  and r o u t e  d i v e r s i o n .  
The p o r t i o n  of t h e  Lodge Freeway Cor r idor  under computer 
s u r v e i l l a n c e  c u r r e n t l y  c o n s i s t s  of e i g h t  subsystems over  a  
6 . 1  m i l e  s e c t i o n .  A subsystem i s  a s e c t i o n  of freeway 
bounded by a d e t e c t o r  s t a t i o n  and wi th  on ly  one e n t r a n c e  
ramp, For purposes of t h i s  s t u d y ,  t h e  t h r e e  shor tes t :  a d j a c e n t  
subsystems inc luded  i n  t h e  t e l e v i s i o n  s u r v e i l l a n c e  system 
were used (F igure  7 ) .  These a r e  t h e  subsystems extending 
from Seward Avenue n o r t h  t o  Chicago Boulevard (Subsystem 
One) ,  a  d i s t a n c e  of 4815 f e e t ;  from Chicago n o r t h  t o  C a l v e r t  
Avenue (Subsystem Two), a  1460 f o o t  s e c t i o n ;  and from C a l v e r t  
n o r t h  t o  Glendale Avenue (Subsystem T h r e e ) ,  a l e n g t h  of 4 3 3 5  
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FIGURE 7 
LODGE FREEWAY DETECTION SUBSYSTEMS 
AND SENSING EQUIPMENT 
There is  a t  each s t a t i o n  an overhead u l t r a s o n i c  v e h i c l e  
presence d e t e c t o r  loca ted  over each l ane  and one o r  more 
d e t e c t o r s  on each on- and off-ramp a s  shown i n  Figure  7 .  The 
Freeway s e c t i o n  made up of t hese  t h r e e  subsystems conta ins  
one of t h e  major northbound Lodge Freeway bo t t l enecks ,  t h e  
poor geometry i n  t h e  v i c i n i t y  of Chicago Boulevard, 
Freeway s u r v e i l l a n c e  p r o j e c t s  now being planned i n  
which i n c i d e n t  d e t e c t i o n  i s  t o  be incorporated envis ion  
r a t h e r  s h o r t  d e t e c t o r  spacings  of a thousand f e e t  o r  l e s s  
( 3 4 ) .  Subsystem Two, t h e  s h o r t e s t  of t h e  Lodge subsystems, 
1 4 6 0  f e e t  i n  l eng th ,  i s  comparable t o  t h e s e  plans  and a l s o  
can se rve  a s  a b a s i s  f o r  comparison with  t h e  o t h e r  two much 
longer  subsystems. The r e s u l t  of these  comparisons should 
prove use fu l  i n  cos t - e f f ec t ive  analyses  made t o  determine 
i f  t he  d e t e c t o r  spacings planned f o r  f u t u r e  p r o j e c t s  a r e  
opt imal .  
The number of l anes  a t  each d e t e c t o r  s t a t i o n  was another  
geometric f a c t o r  t o  be taken i n t o  cons idera t ion  i n  s e l e c t i n g  
t h e  study subsystems. A t  t h r e e  of t h e  s e l e c t e d  freeway 
s t a t i o n s  t h e r e  a r e  t h r e e  t r a f f i c  l anes ,  but  t h e  Seward 
s t a t i o n ,  t h e  southern boundary of Subsystem One, has fou r  
l anes .  The f o u r t h  lane ,  however, ends a t  t h e  Clairmoiunt 
e x i t  ramp and i s  no t  a through t r a f f i c  l ane .  Downstream from 
Seward t h e  lane  i s  marked a s  being f o r  e x i t i n g  purposes only.  
I n  o r d e r  t o  avoid t h e  e f f e c t s  of t h e  low average occupisncy 
i n  t h i s  lane,  an average occupancy derived from the  o ther  
th ree  t r a f f i c  lanes was used. Total volume a t  Seward was 
based on da ta  from a l l  four  lanes.  
The survei l lance  and cont ro l  system i s  coordinated by 
an IBM 1800 d i g i t a l  computer with a  1 6 , 0 0 0  byte core capacity.  
A l l  information i s  received by the  computer using process 
i n t e r r u p t s  and d i g i t a l  inputs  ( 1 0 ) .  The primary cont ro l  
function of the  computer i n  Lodge Freeway survei l lance  i s  
the  determination of metering r a t e s  f o r  t r a f f i c  on e igh t  
entrance ramps. Metering r a t e s  a re  based on Lodge Freeway 
flow conditions and a r e  control led by d i g i t a l  outputs from 
the  computer. ~pproximate ly  25% of the  avai lab le  computer 
time i s  occupied i n  evaluat ing data  and es tab l i sh ing  metering 
r a t e s ,  
To accomplish the ramp metering operation the  computer 
in te r roga tes  each of the  de tec tors  once every 1 0 0  mill iseconds.  
Flow and occupancy da ta  a re  to ta l ed  and evaluated each minute, 
thereby producing the  da ta  necessary t o  update metering r a t e s  
every minute. A system of information s igns i s  a l s o  operated 
u t i l i z i n g  these da ta .  
The de tec tors  described above a re  the source of t r a f f i c  
c h a r a c t e r i s t i c s  da ta  for the research. The IBM 1 8 0 0  system 
was o r i g i n a l l y  put i n t o  operat ion i n  1 9 6 8 .  Since t h a t  time 
one-minute volume and occupancy f igures  f o r  the  afternoon 
peak period from 1 : 0 0  t o  7 :00  p.m. have been accumulated on 
punch cards,  providing an extensive s e t  of da ta  f o r  l a t e r  s tudies .  
6 0  
The t e l e v i s i o n  su rve i l l ance  system augments computer- 
der ived d a t a  with v i s u a l l y  obta ined da ta .  From the  Ford 
Freeway Interchange t o  t he  Davison Freeway Interchange ( 3 . 2  
m i l e s ) ,  1 4  t e l e v i s i o n  cameras a r e  mounted i n  an approx.imately 
no r the r ly  d i r e c t i o n  t o  cover both nor th  and southbound lanes  
and shoulders.  A l l  b u t  one of t h e  cameras a r e  mounted on 
overpasses 26 f e e t  above t h e  Freeway and approximately 
centered between t h e  nor th  and southbound lanes .  One camera, 
because of freeway geometrics,  i s  mounted on a 15 f o o t  
tower ad jacen t  t o  t he  Freeway. 
Distances between cameras range from 800 t o  1800 f e e t .  
Each camera i s  equipped with two l enses ,  a wide-angle l e n s  
f o r  normal su rve i l l ance  and a t e lephoto  l e n s ,  I t  i s  
poss ib l e  t o  d i s t i n g u i s h  general  t r a f f i c  p a t t e r n s  o r  a veh ic l e  
on t h e  shoulder a t  a d i s t ance  of up t o  1500 f e e t  wi th  t h e  
r egu la r  l ens .  Normally, t h e  te lephoto  l e n s  i s  used f o r  
confirming observat ions  beyond 500 f e e t .  I n  r egu la r  su rve i l -  
l ance  opera t ion ,  79% of  t h e  Freeway i s  cont inua l ly  v i s i b l e .  
By u t i l i z i n g  t h e  panning and t i l t i n g  c a p a b i l i t i e s  of each 
camera, 96% of t h e  Freeway can be seen ( 3 9 ) .  
I n  add i t i on  t o  d i s t ance  l i m i t a t i o n s ,  t h e  f i e l d  of' view 
i s  r e s t r i c t e d  by overpasses and ho r i zon ta l  curves. In  t h e  
l a t t e r  case ,  it i s  d i f f i c u l t  t o  d i s t i n g u i s h  the  na ture  of 
a  t r a f f i c  o b s t r u c t i o n  o r  t h e  l a n e  i n  which a  v e h i c l e  i s  
s topped a s  t h e  range  l i m i t  of t h e  camera i s  approached. I t  
has been found t h a t  p r e c i p i t a t i o n  i n  t h e  form of  r a i n  or  fog  
does n o t  impair  v i s i b i l i t y  because of t h e  f o c a l  p r o p e r t i e s  
of t h e  cameras which p rov ide  b e t t e r  v i s i b i l i t y  than  t h e  human 
eye i n  t h e s e  c o n d i t i o n s  ( 3 9 ) .  
A t  n i g h t ,  on ly  i n c i d e n t s  t a k i n g  p l a c e  w i t h i n  a  few 
hundred f e e t  of t h e  cameras can be d i r e c t l y  seen .  Except 
f o r  t h o s e  i n c i d e n t s  o c c u r r i n g  w i t h i n  t h i s  l i m i t e d  n i g h t  
range ,  on ly  v e h i c l e  h e a d l i g h t s  a r e  v i s i b l e .  Under t h e s e  
c o n d i t i o n s ,  an on-freeway i n c i d e n t  i s  d e t e c t a b l e  o n l y  by 
n o t i n g  e c c e n t r i c i t i e s  i n  h e a d l i g h t  p a t t e r n s .  Veh ic les  on 
t h e  shou lde r  a r e  d e t e c t a b l e  o n l y  i f  t h e i r  h e a d l i g h t s  o r  
f l a s h e r s  are on, and a t  d i s t a n c e s  over  about  800 f e e t  even 
t h e s e  s topped v e h i c l e s  a r e  d i f f i c u l t  t o  d i s t i n g u i s h .  
On t h e  3.2 m i l e  s e c t i o n  of t h e  Lodge Freeway under 
t e l e v i s i o n  s u r v e i l l a n c e  t h e r e  a r e  an  average  of 3 . 6 4  on- 
freeway i n c i d e n t s  every  day ( 5 ) .  One-fourth of  t h e s e  a r e  
a c c i d e n t s ,  t h e  remainder  a r e  v e h i c l e  d i s a b i l i t i e s .  This  
r e p r e s e n t s  a  r a t e  of  9.8 i n c i d e n t s  per  m i l l i o n  v e h i c l e  miles. 
As p r e v i o u s l y  i n d i c a t e d ,  t h e  d e t e c t i o n  p r o b a b i l i t y  o f  
t e l e v i s i o n  s u r v e i l l a n c e ,  e s t i m a t e d  t o  be 95% of a l l  i n c i d e n t s  
according t o  Pogust ,  i s  s t r o n g l y  a  f u n c t i o n  o f  obse rve r  
t r a i n i n g ,  a b i l i t y  and mot iva t ion  ( 3 7 ) .  A s tudy  of f i v e  t e s t  
s u b j e c t s  by Bergsman showed t h a t  d i f f e r e n c e s  i n  d e t e c t i o n  
performance among i n d i v i d u a l s  were t h e  l a r g e s t  s i n g l e  source  
of v a r i a b i l i t y  ( 4 ) .  A l l  t h e  test  s u b j e c t s  improved w i t h  
exper ience  over  t h e  four-week e v a l u a t i o n  p e r i o d ,  t h e  b e s t  
s u b j e c t  improving h i s  d e t e c t i o n  e f f i c i e n c y  from 56% of t h e  
es t ima ted  t o t a l  number of  i n c i d e n t s  t h e  f i r s t  week t o  8 4 %  
t h e  f o u r t h  week. Under t e s t  c o n d i t i o n s ,  no f a t i g u e  f a c t o r  
was e v i d e n t  f o r  t h e  four-hour s h i f t s .  A s  i l l u s t r a t e d  i n  
Appendix A ,  F igure  A-1 ,  t h e  l a y o u t  of  t h e  c o n t r o l  room on 
t h e  Lodge P r o j e c t  p laced t h e  t e l e v i s i o n  obse rve r  a t  t h e  f o c a l  
p o i n t  of p r o j e c t  a c t i v i t y .  The obse rve r  would b e t t e r  be 
a b l e  t o  perform h i s  d u t i e s  i n  a  more i s o l a t e d  l o c a t i o n  away 
from t h e  c e n t e r  of a c t i v i t y .  
The o t h e r  impor tant  m o t o r i s t  b e n e f i t  measures of 
e f f e c t i v e n e s s  of t e l e v i s i o n  s u r v e i l l a n c e  a r e  t h e  a b i l i t y  t o  
determine t h e  n a t u r e  of an  i n c i d e n t  and t h e  proper  form of 
a i d ,  i f  any, and t h e  t i m e  it t a k e s  t o  d e t e c t  and respond 
t o  an  i n c i d e n t .  With t h e  use  of  t h e  t e l e p h o t o  l e n s ,  it i s  
o f t e n  p o s s i b l e  t o  d i s c e r n  t h e  n a t u r e  of an i n c i d e n t  e i t h e r  
by t h e  c o n d i t i o n  and p o s i t i o n  of t h e  involved v e h i c l e s  o r  
t h e  a c t i o n s  of t h e  involved m o t o r i s t s .  However, i t  has  
been found t h a t  t h e  cause  of 31% of a l l  shoulder  i n c i d e n t s  
cou ld  n o t  be  determined by t h e  t e l e v i s i o n  obse rve r  us ing  
on ly  t h e  s t andard  l e n s  ( 5 ) .  Under t h e s e  c o n d i t i o n s ,  he 
cannot  respond by sending t h e  a p p r o p r i a t e  a i d .  
During 1969, t e l e v i s i o n  s u r v e i l l a n c e  was maintained 
w i t h  a  s i n g l e  obse rve r  r e s p o n s i b l e  f o r  r e c o r d i n g  i n c i d e n t  
c h a r a c t e r i s t i c s  and informing t h e  C i t y  of  D e t r o i t  P o l i c e  
Department of t h o s e  i n c i d e n t s  r e q u i r i n g  t h e i r  a t t e n t i o n .  
I n c i d e n t  c h a r a c t e r i s t i c s ,  i n c l u d i n g  time and d u r a t i o n ,  type ,  
l o c a t i o n  and p r e v a i l i n g  weather  c o n d i t i o n s  were recorded on 
log  s h e e t s  ( s e e  Appendix A and F igure  A - 2 ) .  These o p e r a t i o n s ,  
as  w e l l  a s  con t inu ing  te lephone c o n t a c t  wi th  l o c a l  p o l i c e  
agenc ies ,  were c a r r i e d  o u t  from 6 :00  a.m, t o  8:00 p.m. each 
working weekday and provided d a t a  on most of t h e  i n c i d e n t s  
o c c u r r i n g  i n  t h e  s e c t i o n  dur ing  t h e  e n t i r e  yea r .  
I N C I D E N T  DATA COLLECTION 
Data from t h e  detector-computer  system were aggregated 
and recorded f o r  each minute of t h e  a f t e rnoon  f o r  nor th-  
bound flow a s  desc r ibed  by t h e  Texas Transpor ta t ion  I n s t i t u t e  
( 1 0 ) .  
Informat ion  regard ing  freeway i n c i d e n t s  was compiled 
from t e l e v i s i o n  s u r v e i l l a n c e  records .  Ear ly  a n a l y s i s  o f  
t r a f f i c  d a t a  dur ing  i n c i d e n t s  l e d  t o  t h e  conclus ion  t h a t  
t h e  d e t e c t i o n  of  shou lde r  i n c i d e n t s  and t h e  l i k e  was d i f f i c u l t  
i f  n o t  nea.rly impossible.  Thei r  impact on freeway opera- 
t i o n s  g e n e r a l l y  i s  ve ry  s l i g h t  excep t  f o r  t h o s e  t h a t  
d i s t r a c t  freeway d r i v e r s .  Thus, f o r  purposes of t h i s  r e s e a r c h ,  
t h e  d e t e c t i o n  of capaci ty- reducing i n c i d e n t s  was r e s t r i c t e d  
t o  t h o s e  i n c i d e n t s  t h a t  p h y s i c a l l y  reduce t h e  c a p a c i t y  of 
a  freeway by b locking one o r  more l a n e s  f o r  some l e n g t h  of 
t ime. 
Te lev i s ion  s u r v e i l l a n c e  r e c o r d s  from December 1968 
t o  t h e  end of t e l e v i s i o n  o p e r a t i o n s  i n  December of 1969 were 
searched f o r  on-freeway i n c i d e n t s  t a k i n g  p l a c e  i n  each of 
t h e  t h r e e  s tudy  subsystems between 2:30 and 6:30 p.m. 
E l imina t ing  t h o s e  f o r  which t r a f f i c  f low d a t a  were u n a v a i l a b l e ,  
a  t o t a l  of 50 on-freeway i n c i d e n t s  were found s u i t a b l e  f o r  
a n a l y s i s .  Among t h e s e  i n c i d e n t s  were 1 8  a c c i d e n t s ,  28 
s t a l l s  o r  breakdowns, two i n s t a n c e s  of d e b r i s  and two s h o r t  
maintenance o p e r a t i o n s  involved wi th  p ick ing  up d e b r i s .  
Regular maintenance o p e r a t i o n s  such a s  median g u a r d r a i l  
r e p a i r s  were n o t  inc luded because t h i s  type  of  l a n e  c l o s u r e  
i s  g e n e r a l l y  planned i n  advance and i s  scheduled dur ing  t imes  
when i n t e r f e r e n c e  w i t h  freeway t r a f f i c  i s  minimal. 
Some of t h e  d e t e c t i o n  models d e s c r i b e d  l a t e r  employ 
t h r e s h o l d  v a l u e s  o f  t r a f f i c  v a r i a b l e s  based on i n c i d e n t - f r e e  
t r a f f i c  o p e r a t i o n s .  I n  o r d e r  t o  compile t h e s e ,  t h e  t e l e -  
v i s i o n  s u r v e i l l a n c e  records  f o r  more than  200  days i n  
l a t e  1 9 6 8  and 1969 were searched f o r  days which exper ienced 
no i n c i d e n t s  d u r i n g  o r  s h o r t l y  b e f o r e  t h e  a f t e r n o o n  peak 
p e r i o d  and a l s o  had no off-freeway i n c i d e n t s  t h a t  could 
d i s t r a c t  freeway d r i v e r s .  I t  was hoped t h a t  a t  l e a s t  f o u r  
days could be  found w i t h  each of t h e  fo l lowing  a f t e r n o o n  
peak p e r i o d  weather  c o n d i t i o n s  p r e v a i l i n g :  c l e a r  sky,  r a i n ,  
and snow. 
E l imina t ing  t h o s e  days where t h e  r e c o r d s  i n d i c a t e d  
d e t e c t o r  f a i l u r e s  dur ing  t h e  peak p e r i o d ,  t r a f f i c  f low 
c h a r a c t e r i s t i c s  f o r  a t o t a l  of  23 days were compiled. On 
c e r t a i n  r a i n  and snow days where p r e c i p i t a t i o n  took p l a c e  
dur ing  on ly  a  p o r t i o n  of t h e  peak p e r i o d ,  c h a r a c t e r i s t i c s  
were compiled on ly  f o r  t h a t  p o r t i o n  o f  from one t o  t h r e e  
hours o u t  of t h e  t o t a l  four-hour peak pe r iod .  
The c o n t r o l  system r e c o r d  f o r  each of t h e s e  days was 
then  i n s p e c t e d  f o r  d e t e c t o r  f a i l u r e s  n o t  noted i n  t h e  
h i s t o r i c a l  r e c o r d s .  The passage  of no v e h i c l e s  a t  a l l  under 
a d e t e c t o r  f o r  a  minute,  e i t h e r  because t h e  l a n e  had no 
t r a f f i c  o r  because t r a f f i c  was h a l t e d  f o r  t h a t  minute,  was 
used a s  a c r i t e r i o n  t o  i d e n t i f y  t h i s  type  of f a i l u r e .  S ince  
such  f a i l u r e s  have a n  ext remely  low p r o b a b i l i t y  of occur rence  
on days wi thou t  capac i ty - reduc ing  i n c i d e n t s ,  s e v e r a l  
days were e l i m i n a t e d  f o r  r e c o r d i n g  no f low a t  l e a s t  one- th i rd  
of t h e  t ime a t  one s t a t i o n .  I t  was a l s o  decided t o  d i s c a r d  
t h e  s i x  days which recorded s e v e r a l  no flow minutes. The 
f i n a l  sample days contained no zero l ane  flow condi t ions .  
The remaining group of 1 7  sample days d i d  not  include 
s u f f i c i e n t  numbers of f u l l  days of each type of weather con- 
d i t i o n  t o  accomplish t h e  des i r ed  s t r a t i f i c a t i o n .  Communication 
problems made inc iden t - f r ee ,  snowy days wi th  a l l  d e t e c t o r s  
ope ra t iona l  p a r t i c u l a r l y  d i f f i c u l t  t o  f i nd .  
It was decided t o  d i s c a r d  t h e  p a r t i a l  days of r a i n  o r  
snow i n  o rde r  no t  t o  b i a s  t h e  f i n a l  d i s t r i b u t i o n s  i n  any way. 
Inspec t ion  of some of t hese  days,  including a  two-hour 
rag ing  b l i z z a r d  (perhaps t h e  wors t  peak per iod weather 
encountered i n  1968 and 1969) ,  d i d  no t  d i s c l o s e  any unusual 
o r  d i s t i n c t i v e  v a r i a b l e  performances except f o r  t h e  i n e v i t a b l e  
g r e a t e r  prevalence of congested condi t ions  ( 2 7 ) .  The s e c t i o n  
of t h e  Lodge Freeway under s tudy conta ins  no s i g n i f i c a ~ n t  
grades and D e t r o i t  seldom rece ives  more than s e v e r a l  inches  
of snow a t  a  time. Therefore,  it appeared t h a t  no mat.ter 
what t he  condi t ion  of t h e  pavement, peak hour t r a f f i c  could 
always move a s  long a s  t h e r e  were no inc iden t s  blocking t h e  
Freeway. 
Af t e r  completing t h i s  f i l t e r i n g  and consolidating[ 
weather f a c t o r s ,  a  t o t a l  of e i g h t  i nc iden t - f r ee  dry weather 
days and fou r  days w i t h  r a iny  peak per iods  were se1ect:ed f o r  
f u r t h e r  ana lys i s .  Environmental c h a r a c t e r i s t i c s  f o r  t he se  
1 2  days are  presented i n  Tables B-1  and B-2 i n  Appendix 
B. The s e t  of sample days includes a  var ie ty  of temperatures 
and days of the week. ' However, it i s  believed t h a t  nei ther  
a re  a  f ac to r  i n  the  analysis .  One of the rainy days i s  
l i s t e d  as having both r a i n  and snow, and f o r  another day 
the r a in  was not q u i t e  continuous, but prevailed f o r  most 
of the peak period. Since each day had a  four-hour analysis  
period, a  t o t a l  of 1 9 2 0  minutes of performance was avai lab le  
f o r  c l ea r  weather conditions and 9 6 0  minutes f o r  rainy 
weather. The comparable 1968 T T I  data s e t  contained four 
c l ea r  weather peak periods to ta l ing  960  minutes of 
observations ( 1 0 )  . 
TRAFFIC STREAM CHARACTERISTICS 
INCIDENT DETECTION APPROACHES 
J u s t  a s  some cooperat ive  and h e l p f u l  mo to r i s t s  i n  t he  
t r a f f i c  stream consciously r e p o r t  t h e  occurrence of 
i n c i d e n t s ,  it has been suggested t h a t  t h e  group behavior 
of a l l  mo to r i s t s  i n  t h e  t r a f f i c  stream be used a s  both a 
s i g n a l  and a communications channel i n  i nc iden t  de t ec t ion .  
T h i s  suggest ion is  based on t h e  observat ion t h a t  capaci ty-  
reducing i n c i d e n t s ,  p a r t i c u l a r l y  those  blocking one o r  
more freeway l anes ,  s i g n i f i c a n t l y  a f f e c t  t r a f f i c  flow hy 
causing moving veh ic l e s  t o  respond j o i n t l y  i n  a way t h a t  
w i l l  a f f e c t  t h e  time average of one o r  more of t h e  macro- 
scopic  v a r i a b l e s  used t o  desc r ibe  t r a f f i c  flow. This b e l i e f  
is  he ld  d e s p i t e  o the r  observa t ions  t h a t  t h e r e  a r e  wide 
v a r i a t i o n s  i n  des i r ed  ind iv idua l  veh ic l e  performance. I n  
busy t r a f f i c ,  however, t h e  presence and behavior of otlher 
veh ic l e s  nearby causes reasonably p red ic t ab l e  and c o n s i s t e n t  
responses.  
I t  i s  f o r t u n a t e  t h a t  t he se  t r a f f i c  flow v a r i a b l e s  a r e  
t h e  same a s  those  needed f o r  e f f e c t i v e  freeway c o n t r o l  
systems, thereby making it poss ib l e  t o  u t i l i z e  j o i n t l y  t h e  
ins t rumenta t ion  and communication l i n k s  i n s t a l l e d  f o r  advanced 
t r a f f i c  information and c o n t r o l  systems. 
A s  an example of t r a f f i c  flow d a t a  recorded b e f o r e ,  
d u r i n g  and a f t e r  an i n c i d e n t  a  t y p i c a l  r e c o r d  of one-minute 
volumes and occupancies f o r  an observed s t a l l  i n  Subsystem 
One i s  d e p i c t e d  i n  F i g u r e  8.  According t o  t e l e v i s i o n  
r e c o r d s  t h e  s t a l l e d  v e h i c l e  blocked t h e  median l a n e  1800 f e e t  
downstream of t h e  Seward d e t e c t o r  s t a t i o n  f o r  1 4  minutes .  
The shaded a r e a  r e p r e s e n t s  t h e  es t ima ted  d u r a t i o n  of  t h e  
conges t ion  genera ted  by t h i s  inc iden t  a s  recorded a t  t h e  
two d e t e c t o r  s t a t i o n s .  I n  t h i s  p a r t i c u l a r  c a s e  t h e  con- 
g e s t i o n  i s  of  less d u r a t i o n  than  t h e  blockage t ime,  perhaps 
because t h e  l a n e  was o n l y  p a r t i a l l y  blocked.  A s  d e s c r i b e d  
i n  t h e  p rev ious  s e c t i o n ,  s i m i l a r  r e c o r d s  were developed f o r  
a l l  50 i n c i d e n t s  and c o n s t i t u t e d  t h e  b a s i s  f o r  e v a l u a t i o n  
of  v a r i o u s  i n c i d e n t  d e t e c t i o n  models and r e l a t e d  q u e s t i o n s .  
I n  t h i s  s e c t i o n  of t h e  r e p o r t  t h e  t h e o r e t i c a l  b a s i s  
f o r  t r a f f i c  s t r eam i n c i d e n t  d e t e c t i o n  modeling i s  d e s c r i b e d ,  
ways i n  which f i e l d  i n s t a l l a t i o n s  a r e  used t o  p rov ide  d a t a  
f o r  t h e  models a r e  set  f o r t h ,  model approaches i d e n t i f i e d  
and s p e c i a l  prohlems a s s o c i a t e d  w i t h  t h i s  approach t o  
i n c i d e n t  d e t e c t i o n  p r e s e n t e d .  
The t h e o r e t i c a l  b a s i s  f o r  us ing  t h e  t r a f f i c  s t r eam as 
a communications channel  is  b u i l t  upon t h e  o p e r a t i o n a l  
i n t e r a c t i o n s  i n  t ime and space  among t h e  i n d i v i d u a l  v e h i c l e s  
i n  t h e  t r a f f i c  s t ream.  I t  i s  b e l i e v e d  t h a t  such i n t e r a c t i o n s  
can be i d e n t i f i e d  a t  volumes a s  low a s  700  v e h i c l e s  p e r  
- - approx. 1800 '  ---+I 
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hour p e r  l a n e ,  a l though  e a r l i e r  i n v e s t i g a t o r s  s t a t e  t h a t  a t  
l e v e l s  of  1,000 v e h i c l e s  p e r  hour p e r  l a n e  o r  less t h e  
i n t e r a c t i o n  among v e h i c l e s  i s  inadequa te  t o  p ropaga te  a  
response  t o  t h e  occur rence  of a  t r a f f i c  i n c i d e n t  f o r  any 
s u b s t a n t i a l  i n t e r v a l  ( 3 7 ) .  This  phenomenon can be  viewed 
a s  a  s t imulus- response  s i t u a t i o n  i n  which a  freeway i n c i d e n t  
causes  a  s lowing o r  s topp ing  of v e h i c l e s  r each ing  t h e  p o i n t  
of t h e  i n c i d e n t .  I f  it i s  a  capac i ty - reduc ing  i n c i d e n t ,  
by d e f i n i t i o n  a  b o t t l e n e c k  w i l l  be e s t a b l i s h e d .   his b o t t l e -  
neck w i l l  a f f e c t  t r a f f i c  f low bo th  up and downstream o f  t h e  
s i t e .  I f  t h e  i n c i d e n t  b locks  a  l a n e ,  t h e r e  w i l l  be  l a n e  
changing upstream from t h e  i n c i d e n t  and t h e  d i s t r i b u t i o n  o f  
v e h i c l e s  among t h e  l a n e s  downstream of  t h e  i n c i d e n t  w i l l  be  
unusual  f o r  some d i s t a n c e .  
There a r e  s e v e r a l  macroscopic t r a f f i c  v a r i a b l e s  which 
can  be  used t o  d e s c r i b e  t r a f f i c  f low a t  a  p o i n t  o r  on a  
s e c t i o n  of highway. Those v a r i a b l e s  a p p r o p r i a t e  a t  a  p o i n t  
i n c l u d e  t h e  t r a f f i c  f low o r  volume, t h e  speed of v e h i c l e s  
a t  t h a t  l o c a t i o n  and t h e  occupancy o r  t ime t h a t  p a r t  o f  a  
v e h i c l e  i s  a t  t h e  p o i n t .  The v a r i a b l e  most r e l e v a n t  f o r  
a  s e c t i o n  of  highway i s  t h e  d e n s i t y  o r  c o n c e n t r a t i o n  o f  
v e h i c l e s .  Among t h e  t h r e e  macroscopic v a r i a b l e s  used t o  
d e s c r i b e  t r a f f i c  f low,  t h e r e  i s  less in fo rmat ion  e r r o r  i n  
i n f e r r i n g  t h e  s t a t e  of  t h e  system when d e n s i t y  o r  speed i s  
used than when volume i s  used s i n c e  i d e n t i c a l  volumes can be 
measured under bo th  congested and uncongested c o n d i t i o n s .  
The t h e o r e t i c a l  foundation f o r  i nc iden t  de t ec t ion  i s  
based on t h e  work of L i g h t h i l l  and Whitham on t h e  propaga- 
t i o n  of dens i ty  d i s c o n t i n u i t i e s ,  o r  shock waves, on crowded 
highways (29) . They assume t h a t  two of t h e  t h r e e  funda- 
mental macroscopic v a r i a b l e s  of t r a f f i c  flow, volume, average 
concentra t ion and average speed, a r e  independent. The 
t h i r d  can then be der ived using continuum r e l a t i o n s h i p s .  
Their  work provides a b a s i s  f o r  p red i c t i ng  the  speed and 
na ture  of t h e  propagation of t h e  shock wave both upstream 
and downstream from a temporary o r  permanent bottleneclk. 
Figure  9 i l l u s t r a t e s  t h e  e f f e c t s  of a capacity-reducing 
inc iden t  on t r a f f i c  opera t ions  based on L i g h t h i l l  and 
Whitham's theory.  This approach r ep re sen t s  t he  l i m i t i n g  
behavior of a s t o c h a s t i c  process wi th  a l a r g e  number of 
veh ic l e s  over a long road and long per iods  of time. Rlefer- 
r i n g  t o  t h e  diagram i n  t he  f i g u r e ,  t he  dens i ty ,  kl ,  repre- 
s e n t s  p reva i l i ng  t r a f f i c  concent ra t ion  before  t h e  i nc iden t  
occurs.  Af te r  t h e  i nc iden t ,  t r a f f i c  upstream opera tes  i n  
the  congested dens i ty  regime, k2, i f  demand exceeds capaci ty .  
Immediately downstream of t he  i nc iden t ,  dens i ty  i s  reduced 
t o  k3 ,  a  func t ion  of t h e  bo t t l eneck  capac i ty  and fundamental 
c h a r a c t e r i s t i c s  of flow. A shock wave with v e l o c i t y  cl 
proceeds downstream, and a shock wave of congestion growth 
proceeds upstream a t  v e l o c i t y  c2 .  I n  t h e  f i g u r e ,  t h i s  shock 
wave has reached a d e t e c t o r  s t a t i o n  upstream of t he  inc iden t .  
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F I G U R E  9 
TRAFFIC FLOW THEORY APPROACT1 TO 
INCIDENT DETECTION 
T r a f f i c  stream c h a r a c t e r i s t i c  i n c i d e n t  d e t e c t i o n  
models can be designed t o  s i g n a l  a s  soon a s  p o s s i b l e  a f t e r  
t h e s e  waves pass  upstream o r  downstream d e t e c t o r  s t a t i o n s .  
The models should d e t e c t  t h e  a c t u a l  passage of e i t h e r  o r  
both  of t h e  waves o r  r ecogn ize  t h e  j o i n t  occurrence  of t h e  
k2  and k j  s t a t e s  of t r a f f i c  o p e r a t i o n s  a s  be ing  abnormal. 
Although n o t  a l l  i n c i d e n t s  produce t h e  sequence o f  even t s  
d e p i c t e d  i n  F igure  9 ,  many do. This  r e s e a r c h  exp lo res  t h i s  
f a c e t  of  i n c i d e n t  e f f e c t s .  
I n s p e c t i o n  of t h e  one-minute volume and occupancy 
r e c o r d s  shown i n  F igure  8 r e v e a l s  a  d i s t i n c t  upstream 
occupancy shock wave a t  t h e  Seward S t a t i o n  a t  4:42 p.:m. 
d e s p i t e  t h e  n a t u r a l  v a r i a b i l i t y  of t r a f f i c  o p e r a t i o n s  and 
t h e  masking e f f e c t  o f  averaging occupancy over  a  one- 
minute pe r iod .  I t  would be expected t h a t  t h e  most e f f e c t i v e  
d e t e c t i o n  models would be  t h o s e  which most s h a r p l y  d e l i n e a t e  
t h e  passage  of shock waves o r  o the rwise  a c c e n t u a t e  t h e  sudden 
change i n  t r a f f i c  flow p a t t e r n s  o r  a r e  s e n s i t i v e  t o  t h e  
d i f f e r e n t  regimes e x i s t i n g  behind t h e  shock waves. 
De tec t ion  of  i n c i d e n t s  should be prompt, o c c u r r i n g  a s  
soon a s  p o s s i b l e  a f t e r  t h e  shock waves d e l i n e a t i n g  d i f f e r e n t  
f low s t a t e s  r each  t h e  upstream and downstream detectolr  
s t a t i o n s  a d j a c e n t  t o  t h e  i n c i d e n t .  This  i s  necessary  i f  t h e  
s u r v e i l l a n c e  c o n t r o l l e r  i s  t o  be aware of t h e  c a p a c i t y  
r e d u c t i o n  i n  t ime t o  make e f f e c t i v e  adjus tments  i n  t r a f f i c  
in fo rmat ion  and c o n t r o l  s t r a t e g i e s .  
Figure  1 0  i l l u s t r a t e s  s e v e r a l  of t h e  s o u r c e s  o f  
v a r i a b i l i t y  d u r i n g  a  capac i ty - reduc ing  i n c i d e n t  f o r  t r a f f i c  
volume f o r  t h r e e  i n c i d e n t s  o c c u r r i n g  on t h e  John C. Lodge 
Freeway i n  D e t r o i t  i n  1969. The i n c i d e n t  d u r a t i o n s  ranged 
from t h r e e  minutes t o  over  20 minutes and were r e p r e s e n t a t i v e  
of t h e  i n c i d e n t s  e v a l u a t e d  i n  t h i s  s tudy .  Although volumes 
b e f o r e  and a f t e r  t h e  i n c i d e n t  were s i m i l a r  f o r  a l l  t h r e e  
i n c i d e n t s  (from 80 t o  100 v e h i c l e s  pe r  m i n u t e ) ,  t h e  g e n e r a l  
magnitude of  t h e  r e d u c t i o n s  v a r i e s  widely .  From minute t o  
minute t h e  b e h a v i o r a l  p a t t e r n  a l s o  shows d i f f e r e n t  
v a r i a b i l i t y .  
Consider ing  d a t a  needs f o r  t h i s  approach t o  i n c i d e n t  
d e t e c t i o n ,  t h e  f i r s t  r e q u i s i t e  i s  t h e  measurement o f  t r a f f i c  
o p e r a t i o n s  over  t ime and space .  The most s a t i s f a c t o r y  d a t a  
would be o b t a i n e d  by t r a c k i n g  each v e h i c l e  w i t h i n  t h e  
freeway system by measuring i t s  t r a j e c t o r y  i n  t i m e  and space  
con t inuous ly .  Hardware l i m i t a t i o n s  and economic i n e f f i -  
c i e n c i e s  e l i m i n a t e  t h i s  microscopic  approach. Hence, e x i s t -  
i n g  s u r v e i l l a n c e  and c o n t r o l  systems use  p o i n t  d e t e c t o r s  
l o c a t e d  a t  key p o s i t i o n s  t o  sample t r a f f i c  o p e r a t i o n s  d i s -  
c r e t e l y  i n  space  and a lmost  con t inuous ly  i n  t ime.  The number 
and l o c a t i o n  of  d e t e c t o r s  has  a  b e a r i n g  on t h e  e r r o r s  i n  
t h e  in fo rmat ion  a v a i l a b l e  and t h e  a p p l i c a b i l i t y  of  t h i s  
in fo rmat ion  t o  i n c i d e n t  d e t e c t i o n .  

The conceptual approach t o  t h i s  problem i s  t o  loca te  
a  sensor over each lane a t  severa l  t ransverse loca t ions  on 
the freeway, including a l so  poin ts  of egress and access a t  
ramps. Tra f f i c  flow information i s  averaged over a  time 
period f o r  each of these points  and information on shock 
wave and lane usage used t o  s igna l  the l ikel ihood of 
occurrence of an incident  based on the unusual c h a r a c t e r i s t i c s  
of the bas ic  t r a f f i c  flow var iables .  
The s e t  of t r a f f i c  var iables  t h a t  can be measured 
without information e r r o r  i s  constrained by the d i s c r e t e  
sampling i n  space. A typical. lane de tec tor  cur rent ly  i n  
use r e g i s t e r s  the  passing of each vehicle ,  and from t h i s  
information the  flow r a t e  i n  vehicles  per time i n t e r v a l  and 
time headway between vehicles  can be developed. The f r a c t i o n  
of time t h a t  a  vehicle  spends a t  the sensing point  provides 
the  bas is  f o r  the time occupancy measure. The speed of a  
vehic le  can be measured from the  time it  takes t o  pass the 
de tec to r ,  but s ince  vehic le  length i s  unknown and must be 
estimated the  r e s u l t  contains some information e r ro r .  Know- 
ledge of the  number of vehicles  present a t  some time between 
two de tec tors  separated i n  space makes it possible  t o  e s t i -  
mate the accumulation of vehicles  between them, t h i s  measure 
of densi ty  being ca l l ed  the s torage.  However, the  i n i t i a l  
s torage  value i s  only estimated by these de tec tors  through 
c a l c u l a t ~ o n  of t o t a l  t r a v e l  and average speed between de tec to r  
s t a t i o n s  . 
While the de tec tors  provide s ignals  f o r  each passing 
vehicle  there  i s  so  much v a r i a b i l i t y  i n  individual vehicle  
performance t h a t  it i s  des i rable  t o  accumulate data  f o r  a  
de tec tor  over a  shor t  time in te rva l  and use these data  a s  
inputs f o r  survei l lance and detection. Data f o r  detectors  
f o r  each of the several  lanes serving freeway t r a f f i c  ~noving 
i n  the same d i rec t ion  and located adjacent t o  each other  a t  
the same freeway locat ion can a l so  be aggregated t o  provide 
freeway s t a t i o n  data.  Detection system logic  can operate 
on each var iable  separately a s  well  as on functions of both 
var iables  f o r  each detector  o r  group of detectors .  
Figure 11 shows a  sketch of detectors  located both 
upstream and downstream of an incident  and the  notation used 
i n  describing the various models used i n  t h i s  study. Lower 
case values a re  fo r  individual  lanes and upper case l e t t e r s  
designate da ta  aggregated from a l l  the detectors  a t  a  s t a t ion .  
Since the behavior of t r a f f i c  a t  the many d i f f e r e n t  
types of capacity-reducing incidents  has been shown t o  be 
highly var iable  there  i s  the  problem of devising a  model 
t h a t  responds as  e f fec t ive ly  as possible t o  these var ia t ions .  
A prime concern is the a b i l i t y  of the model t o  de tec t  an 
incident  t h a t  does occur. Another one of the problems t h a t  
may be pa r t i cu la r ly  c r i t i c a l  i n  t r a f f i c  flow charac te r i s t i c s  
incident  detect ion modeling i s  the " f a l s e  alarmu i n  which 
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T R A F F I C  STREAM FLOW VARIABLES 
t h e  occurrence  of an i n c i d e n t  i s  f a l s e l y  s igna led .  This  i s  
concep tua l ly  i d e n t i c a l  t o  t h e  s t a t i s t i c a l  e r r o r  of  t h e  f i r s t  
type  o r  a lpha  r i s k  used i n  s t a t i s t i c a l  d e c i s i o n  theory .  
S ince  t h e s e  models a r e  based on s t a t i s t i c a l l y  sampled d a t a ,  
t h e r e  i s  a  p o s s i b i l i t y  t h a t  t h e  c r i t i c a l  v a l u e  of t h e  t r a f f i c  
flow v a r i a b l e  w i l l  be  exceeded by chance and t h a t  t h e r e  w i l l  
be  a  f a l s e  s i g n a l .  This  f a l s e  s i g n a l  may be c o r r e c t e d  a s  
more t i m e  e l a p s e s  and confirming o r  c o n t r a d i c t i n g  d a t a  a r e  
r ece ived .  Whether o r  n o t  t h i s  i s  bad depends upon t h e  c o s t s  
a s s o c i a t e d  w i t h  d i s p a t c h i n g  a  v e h i c l e  need less ly  t o  determine 
t h e  type  of response  r e q u i r e d  and t h e  de lay  r e s u l t i n g  from 
w a i t i n g  f o r  conf i rmat ion  and of  t h e  i n c i d e n t  s i g n a l .  I t  
i s  convenient  t o  s t r u c t u r e  t h i s  problem us ing a  queueing 
approach i n  which t h e  i n c i d e n t  s i g n a l s  i n d i c a t i n g  t h e  presence  
of an  i n c i d e n t  a r e  a c c u r a t e  and t h e  response type  d e t e r -  
minat ion and response  a r e  s e r v i c e  elements .  The queue i s  
formed by i n c i d e n t s  w a i t i n g  t o  be i n v e s t i g a t e d  o r  served 
(wi th  p o s s i b i l i t i e s  of  p r i o r i t i e s  f o r  " s t ronger"  s i g n a l s ) .  
A t y p i c a l  queueing c o s t - e f f e c t i v e n e s s  s e n s i t i v i t y  a n a l y s i s  
i s  then  p o s s i b l e  i n  which v a r i a t i o n s  i n  t h e  f r a c t i o n  of 
f a l s e  alarms a r e  t e s t e d  f o r  cand ida te  response systems. An 
e x t e r n a l  system c o n s i d e r a t i o n  is  t h e  e f f e c t  on t h e  c o n t r o l  
system i f  it responds t o  f a l s e  alarms by changing t r $ a f f i c  
c a p a c i t y  parameters  and unnecessa r i ly  causes  a d d i t i o n a l  
c o s t s  t o  u s e r s  of t h e  freeway network. 
The s i m p l e s t  models cons ide r  on ly  t h e  most r e c e n t  
minute of t r a f f i c  d a t a  a t  one s t a t i o n  and s i g n a l  t h e  
occurrence  of an i n c i d e n t  nea r  t h e  s t a t i o n  by comparing t h e  
v a r i a b l e  w i t h  a  p r e - e s t a b l i s h e d  t h r e s h o l d  va lue .  More 
complex models could s i g n a l  i n c i d e n t s  by measuring changes 
i n  t r a f f i c  c h a r a c t e r i s t i c s  over  t ime by cons ide r ing  d a t a  
f o r  e a r l i e r  minutes.  I n  t h e  s p a t i a l  dimension t h e  more 
complex models could  be designed t o  d e t e c t  d i s c o n t i n u i t i e s  
i n  subsystem performance a s  i n f e r r e d  from d a t a  taken from 
t h e  two a d j a c e n t  s t a t i o n s  t h a t  bound t h e  subsystem. On a  
grander  s p a t i a l  s c a l e  models could  be developed which would 
o p e r a t e  on t ime h i s t o r i e s  a t  s e v e r a l  contiguous s t a t i o n s  t o  
d e t e c t  i n c i d e n t s  d e t r i m e n t a l  t o  opt imal  system performance. 
These models could be  most u s e f u l  f o r  e x t e n s i v e  freeway 
systems w i t h  many s t a t i o n s  spaced c l o s e  t o g e t h e r .  
The performance of  e i g h t  i n c i d e n t  d e t e c t i o n  models was 
i n v e s t i g a t e d  i n  t h e  course  of t h i s  r e sea rch .  The i r  c a t e -  
g o r i z a t i o n s  a r e  i n d i c a t e d  i n  Table 2.  S i x  of t h e  models 
cons ide r  only  t h e  most r e c e n t  minu te ' s  volume and/or occu- 
pancy d a t a .  Two models r e q u i r e  d a t a  from on ly  one s t a t i o n  
and t h r e e  models use  i n p u t s  from a d j a c e n t  s t a t i o n s .  One 
s t a t i o n  model uses  i n d i v i d u a l  l a n e  d a t a .  One of t h e  models 
t h a t  was s t u d i e d ,  a  m o d i f i c a t i o n  of t h e  C a l i f o r n i a  i n c i d e n t  
TABLE 2 
DATA INPUTS FOR INCIDENT DETECTION MODELS 
PREVIOUS ONE 
S t a t i o n  Energy 
omposite ( Q ,  8 )  
-- --- 
Depending on t h e  t y p e  of t r a f f i c  d a t a  a v a i l a b l e ,  a g r e a t  
many methods f o r  d e t e c t i n g  capac i ty - reduc ing  i n c i d e n t s  can 
be env i s ioned .  The v a r i e t y  of  ways t o  temporal ly  and 
s p a t i a l l y  c l a s s i f y  model i n p u t s  i s  summarized h e r e  i n  Table 2 .  
d e t e c t i o n  scheme, c o n s i d e r s  occupancy changes a t  a d j a c e n t  
d e t e c t o r  s t a t i o n s  f o r  t h e  most r e c e n t  two minutes.  The 
e i g h t h  model s t u d i e d  cons idered  t h e  h i s t o r y  of  t r a f f i c  flow 
f o r  s e v e r a l  minutes a t  one  l o c a t i o n .  No a t t e m p t  was made 
t o  d e v i s e  and tes t  a  s e v e r a l  s t a t i o n  model because o f  t h e  
n a t u r e  of t h e  f i e l d  s tudy  d a t a  a v a i l a b l e .  
While t h e  John C. Lodge Freeway i n s t a l l a t i o n  uses  
d e t e c t o r s  over  each l a n e ,  t h e  Chicago s u r v e i l l a n c e  system 
o p e r a t e s  on in fo rmat ion  from occupancy and flow s e n s i n g  
d e t e c t o r s  p laced  only  i n  t h e  middle l a n e  ( 3 2 ) .  I f  middle 
l a n e  d e t e c t o r s  o n l y  can  p rov ide  an  adequate  l e v e l  o f  de tec-  
t i o n  c a p a b i l i t y ,  then  t h e i r  use  may become s t a n d a r d  p r a c t i c e  
i n  d e t e c t i o n  s u r v e i l l a n c e  a s  well a s  i n  freeway c o n t r o l .  
The spac ing  between d e t e c t o r  s t a t i o n s  can be  expected 
t o  have an  e f f e c t  on bo th  t h e  time t o  d e t e c t i o n ,  tl, and, 
depending upon t h e  damping o f  t h e  shock wave w i t h  d i s t a n c e  
from t h e  s e n s i n g  s t a t i o n s ,  t h e  c h a r a c t e r i s t i c s  of t h e  s i g n a l .  
The speed of p ropaga t ion  of t h e  d i s c o n t i n u i t i e s  can be  
expected  t o  range  from 15 m i l e s  p e r  hour and o f t e n  a s  much 
as 45 miles p e r  hour.  This  would r e s u l t  i n  d e l a y s  rang ing  
up t o  one minute b e f o r e  new conges t ion  could be d e t e c t e d  f o r  
0 . 5  m i l e  d e t e c t o r  spacings .  One of  t h e  purposes of  t h i s  
r e s e a r c h  was t o  e x p l o r e  t h e  e f f e c t s  o f  spacing,  u t i l i z i n g  
t h r e e  of  t h e  freeway d e t e c t o r  s t a t i o n s  (two approximately 
0.9 mi les  and one 0.3 miles) on t h e  Lodge Freeway f o r  which 
d a t a  were a v a i l a b l e .  
Another impor tant  f a c t o r  i s  t h e  i n t e r a c t i o n  of  geometry 
w i t h  i n c i d e n t  e f f e c t s .  Subsystem One, w i t h  i t s  l a n e  drop,  
provides  an  oppor tun i ty  t o  exp lo re  t h i s  f a c t o r .  
I t  i s  a l s o  d e s i r a b l e  t o  exp lo re  t h e  p o s s i b i l i t y  t h a t  
t r a f f i c  f low v a r i a b l e  d a t a  can a l s o  be used t o  de termine  
t h e  c h a r a c t e r i s t i c s  and sever i ty  of  t h e  i n c i d e n t  and t h e  time 
when t h e  i n c i d e n t  e f f e c t s  have ended. 
While t h e  i n t e r v a l  dur ing  which d a t a  a r e  accumulated 
p r i o r  t o  averaging obvious1.y a f f e c t s  t h e  t i m e  a t  which i3n 
i n c i d e n t  d e t e c t i o n  s i g n a l  i s  genera ted ,  a s  well a s  t h e  
o t h e r  v a l u e s  of i n t e r e s t ,  it was n o t  p o s s i b l e  t o  accumulate 
d a t a  f o r  t h e  John C. Lodge Freeway Cor r idor  f o r  t imes  o t h e r  
t h a n  one minute because of l i m i t e d  resources .  Therefore ,  
t h i s  r e s e a r c h  does n o t  provide  i n s i g h t  i n t o  t h i s  p o s s i b l y  
impor tant  d e t e c t i o n  system des ign  parameter  (1). 
I n  summary, t h i s  i n c i d e n t  d e t e c t i o n  r e s e a r c h  program 
makes use  of  t h e  o p e r a t i o n a l  freeway s u r v e i l l a n c e  and c o n t r o l  
i n s t a l l a t i o n  and t e l e v i s i o n  s u r v e i l l a n c e  system i n  t h e  
D e t r o i t  John C. Lodge Freeway Cor r idor  t o  exp lo re  s e v e r a l  
a s p e c t s  of capaci ty- reducing i n c i d e n t  d e t e c t i o n  by macro- 
s c o p i c  t r a f f i c  flow parameters .  The program inc ludes  t.he 
review, development and t e s t i n g  of e i g h t  sugges ted  models. 
These models were eva lua ted  i n  terms of t h e i r  t ime l a g  
c h a r a c t e r i s t i c s  and t h e i r  p r o p e n s i t y  t o  c o r r e c t l y  s i g n a l  
t h e  occur rence  of i n c i d e n t s  a s  w e l l  a s  t h e  l i k e l i h o o d  of 
f a l s e  a larm s i g n a l s  be ing genera ted .  There i s  a n  i n v e s t i -  
g a t i o n  of  t h e  impl ica t ions  of t h i s  d a t a  f low f o r  r ea l - t ime  
t r a f f i c  freeway c o r r i d o r  c o n t r o l  and an  a t t e m p t  t o  de termine  
whether o r  n o t  macroscopic t r a f f i c  f low in fo rmat ion  p rov ides  
in fo rmat ion  r e g a r d i n g  t h e  type  of  i n c i d e n t  which has  occur red ,  
p a r t i c u l a r l y  i n  terms of  t h e  p o s s i b l e  d u r a t i o n  of  t h e  i n c i -  
d e n t  as w e l l  as t h e  type  of  a s s i s t a n c e  which may be needed. 
I n s o f a r  a s  i t  i s  p o s s i b l e ,  t h e  e f f e c t s  of  d e t e c t o r  spac ing  
were explored  a s  w e l l  as t h e  observed d i s c o n t i n u i t y  i n  t h e  
number o f  freeway l a n e s  found on t h e  f a c i l i t y .  
REVIEW OF TEXAS TFWNSPORTATION INSTITUTE RESEARCH 
The Texas T r a n s p o r t a t i o n  I n s t i t u t e  ( T T I )  commenced 
work i n  i n c i d e n t  d e t e c t i o n  r e s e a r c h  a s  a  p a r t  of t h e i r  
John C. Lodge Freeway Cor r idor  s tudy  program and one 
phase  of t h i s  r e s e a r c h  e f f o r t  was a  review and e x t e n s i o n  
of t h e i r  s t u d i e s  ( 1 0 ) .  They developed s i x  models t o  d e t e c t  
i n c i d e n t s  and eva lua ted  them i n  terms of promptness and 
e f f e c t i v e n e s s  i n  d e t e c t i o n  and t h e  minimizat ion  of f a l s e  
alarms.  The b a s i c  d a t a  i n p u t s  f o r  t h e s e  s i x  models a r e  
i n d i v i d u a l  l a n e  volumes and average  l a n e  occupancies.  
These i n c i d e n t  d e t e c t i o n  models a t t e m p t  t o  c h a r a c t e r i z e  
t r a f f i c  o p e r a t i o n s  dur ing  a capac i ty - reduc ing  i n c i d e n t  s o  
t h a t  they  can be d i s t i n g u i s h e d  from normal t r a f f i c  v a r i a -  
t i o n s .  The s i x  models c a l c u l a t e  v a l u e s  t h a t  r e g i s t e r  t h e  
impact of  conges t ion  upstream o f  an i n c i d e n t  and/or sirr~ul- 
t aneous ly  r e c o r d  t h e  reduced f low downstream. One of  t h e s e  
approaches uses  t h e  freeway c o n t r o l  system ramp meter ing  
r a t e s  f o r  t h e  e n t r a n c e  ramps i n  each subsystem a s  t h e  t r a f f i c  
parameter  f o r  d e t e c t i o n .  This  approach was n o t  i n v e s t i -  
ga ted  i n  t h i s  r e s e a r c h  because t h e  ramp meter ing  s t r a t e g y  
used a t  t h a t  time i n  D e t r o i t  was on ly  i n d i r e c t l y  r e l a t e d  t o  
freeway i n c i d e n t  e f f e c t s .  
The o t h e r  f i v e  models a l l  use  va r ious  combinations 
of one-minute l a n e  volumes and occupancies acqui red  a t  
e i t h e r  i n d i v i d u a l  o r  a t  a d j a c e n t  d e t e c t o r  s t a t i o n s .  T T I  
and e a r l i e r  r e s e a r c h e r s  found occupancy ( 0 ,  t h e  percentage  
of  t ime t h a t  a d e t e c t o r  i s  ac tua ted  by a v e h i c l e  pass ing  
underneath i t) t o  be n e a r l y  l i n e a r l y  r e l a t e d  t o  d e n s i t y ,  s o  
i n  t h e s e  s t u d i e s  occupancy was used a s  an equ iva len t  f o r  
v e h i c u l a r  d e n s i t y  f o r  which t h e o r e t i c a l  bases  have been 
developed ( 1 0 ) .  The f i v e  approaches a r e  desc r ibed  below 
and formulas presented  i n  Appendix C. 
Freeway S t a t i o n  Models 
These models o p e r a t e  on d a t a  acqui red  a t  an  i n d i v i d u a l  
d e t e c t o r  s t a t i o n .  The i n p u t s  a r e  t h e  l a s t  minute 's  volume 
and occupancy f o r  each l a n e  a t  t h a t  l o c a t i o n .  
S t a t i o n  Energy: The k i n e t i c  energy of a t r a f f i c  s tream 
( t h e  square  of t h e  volume div ided by t h e  occupancy) i s  a 
T T I  concept de r ived  from an energy-momentum analogy between 
t r a f f i c  flow and t h e  flow of a compressible  f l u i d .  The 
S t a t i o n  Energy Model uses  t h e  t o t a l  flow recorded i n  a l l  
t h r e e  l anes  a s  t h e  volume and t h e  average of t h e  i n d i v i d u a l  
Lane occupancy a s  inpu t s .  The a c t u a l  k i n e t i c  energy v a r i -  
able  used i n  t h e  model i s  normalized and hence dimension- 
less as  formulated i n  Appendix C. 
This  v a r i a b l e  should  be ve ry  s e n s i t i v e  t o  d e c r e a s e s  i n  
volume accompanied by i n c r e a s e s  i n  occupancy, t h e  s t a t e  
f r e q u e n t l y  found upstream of an  i n c i d e n t  s i t e .  Unusua1l.y 
low v a l u e s  of k i n e t i c  energy,  t h o s e  below an e m p i r i c a l l y  
e s t a b l i s h e d  c r i t i c a l  l e v e l ,  a c t u a t e  an i n c i d e n t  s i g n a l  from 
t h i s  model. 
S t a t i o n  D i s c o n t i n u i t y :  The S t a t i o n  D i s c o n t i n u i t y  Model 
i s  based on a comparison of t h e  k i n e t i c  e n e r g i e s  of i n d i -  
v i d u a l  l a n e s .  This  i s  t h e  only  T T I  model t h a t  s p e c i f i c a l l y  
u s e s  i n d i v i d u a l  l a n e  f low c h a r a c t e r i s t i c s .  The i n c i d e n t  
d e t e c t i o n  v a r i a b l e  r e l a t e s  t h e  lowes t  l a n e  energy t o  t h e  
average  of  t h e  o t h e r  two l a n e  e n e r g i e s  f o r  a  t h r e e  l a n e  
s e c t i o n .  This  v a r i a b l e  can range  from 0.0 t o  1 . 0 .  A villue 
of 0.0 would i n d i c a t e  no energy i n  one l a n e ,  a  r e s u l t  of 
e i t h e r  no t r a f f i c  a t  a l l  i n  t h e  l a n e  because it i s  blocked 
upstream o r  t r a f f i c  s topped a l t o g e t h e r  i n  t h e  l a n e  because 
of a  blockage downstream, w h i l e  a t  t h e  same time some t r a f f i c  
i n  t h e  o t h e r  l a n e s  i s  moving. A v a l u e  of 1.0 would i n d i c a t e  
a n  e q u a l  d i s t r i b u t i o n  of  energy a c r o s s  t h e  t h r e e  l a n e s .  
Very low v a l u e s  of  t h e  v a r i a b l e  a c t u a t e  an  i n c i d e n t  de tec -  
t i o n  s i g n a l .  The i n c i d e n t  i s  most probably downstream from 
t h e  s t a t i o n  g e n e r a t i n g  t h e  s i g n a l .  Also,  i f  t h e  i n c i d e n t  
were immediately upstream of  t h e  s t a t i o n ,  pass ing  v e h i c l e s  
would have l i t t l e  o r  no o p p o r t u n i t y  t o  r e - e n t e r  t h e  blocked 
l a n e  and t h i s  c o u l d  a l s o  a c t u a t e  a s i g n a l .  I t  was b e l i e v e d  
by T T I  t h a t  t h i s  model would be  e f f e c t i v e  o n l y  f o r  i n c i d e n t s  
t a k i n g  p l a c e  n e a r  t h e  d e t e c t o r  s t a t i o n .  
Freeway Subsystem Models 
These t h r e e  T T I  models o p e r a t e  on t h e  most r e c e n t  
m i n u t e ' s  d a t a  from two a d j a c e n t  d e t e c t o r  s t a t i o n s .  The 
freeway s e c t i o n  between t h e s e  s t a t i o n s  i s  c a l l e d  a  subsystem. 
Subsystem Energy: I t  might  be  expec ted  t h a t  a lower  
v a l u e  o f  k i n e t i c  energy  ups t ream and h i g h e r  k i n e t i c  energy  
downstream w i l l  o c c u r  d u r i n g  a n  i n c i d e n t  t h a n  had e x i s t e d  
p r i o r  t o  t h a t  i n c i d e n t .  The d i f f e r e n c e  between t h e  down- 
s t r e a m  and ups t ream ene rgy  v a l u e s  shou ld  produce  a  t r a f f i c  
s t r e a m  c h a r a c t e r i s t i c  v a r i a b l e ,  t h e  "energy d i f f e r e n t i a l , "  
t h a t  s t r o n g l y  r e f l e c t s  t h i s  s i t u a t i o n .  
Subsystem Shock Wave: A t  t h e  end o f  e a c h  minute  t h e r e  
a r e  a  c e r t a i n  number of  v e h i c l e s  c o n t a i n e d  w i t h i n  a  sub- 
system. I n s t r u m e n t a t i o n  l i m i t a t i o n s  make it i m p o s s i b l e  t o  
c a l c u l a t e  t h e  a c t u a l  number, b u t  t h e  minute-hy-minute change 
i n  t h e  number o f  v e h i c l e s  " s t o r e d "  w i t h i n  t h e  subsys tem can  
b e  approximated by s u b t r a c t i n g  t h e  r eco rded  downstream and 
off-ramp volume ( o u t p u t )  from t h e  ups t ream and on-ramp 
volume ( i n p u t ) .  I f  an  i n c i d e n t  were t o  t a k e  p l a c e  n e a r  t h e  
ups t ream d e t e c t o r ,  t h e  reduced  f low down th rough  t h e  l e n g t h  
o f  t h e  subsys tem would r e s u l t  i n  fewer  v e h i c l e s  w i t h i n  t h e  
subsystem a f t e r  a minute.  Conversely, an i n c i d e n t  f a r  
downstream would c r e a t e  conges t ion  and t h u s  more v e h i c l e s  
s t o r e d  upstream. T T I  be l i eved  t h a t  t h i s  model would be l e s s  
e f f e c t i v e  f o r  i n c i d e n t s  near  t h e  c e n t e r  of t h e  subsystem 
because inc reased  upstream s t o r a g e  would approximately 
ba lance  decreased downstream s t o r a g e .  
Subsystem Discon t inu i ty :  S ince  t h e r e  i s  a reasonably 
good l i n e a r  r e l a t i o n s h i p  between average speed and occupancy 
f o r  occupancies w i t h i n  t h e  range  of  i n t e r e s t ,  t h e  average 
speed can be  es t ima ted  by d i v i d i n g  t h e  one-minute volurne by 
occupancy. I n  t h e  Subsystem Discon t inu i ty  Model, speed 
v a l u e s  a t  a d j a c e n t  s t a t i o n s  a r e  normalized by d i v i d i n g  by 
t h e  observed " f r e e  speed" f o r  each s t a t i o n .  S i m i l a r l y ,  
occupancy va lues  a r e  normalized by d i v i d i n g  by observed "jam 
o c c ~ p a n c i e s . ~ '  The d i s t a n c e  between t h e  speed-occupancy 
p o i n t s  of two a d j a c e n t  s t a t i o n s  ( s e e  F igure  1 2 )  r e p r e s e n t s  
t h e  d i f f e r e n c e  i n  t r a f f i c  o p e r a t i o n s  i n  t h e  speed-densi ty 
p lane  a t  t h e  two s t a t i o n s .  Large d i f f e r e n c e s  would be expec- 
t e d  t o  i n d i c a t e  t h e  e x i s t e n c e  of a b o t t l e n e c k  between t h e  
two s t a t i o n s .  I n  F igure  1 2 ,  t h e  upstream s t a t i o n  ( P o i n t  B) 
recorded a h igher  occupancy and lower speed than t h e  down- 
s t ream s t a t i o n  ( P o i n t  A )  du r ing  t h e  l a s t  minute. This  
s i t u a t i o n  could i n d i c a t e  a capaci ty- reducing i n c i d e n t  i n  
t h a t  subsystem. S u b t r a c t i n g  t h e  s c a l a r  va lue  
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FIGIJRE 12 
SUBSYSTEM DISCONTINUITY VARIABLE 
- 
of v e c t o r  BC d e f i n e s  a p o s i t i v e  o r  n e g a t i v e  v a l u e  which 
i s  an e s t i m a t e  o f  t h e  v e c t o r  E. The occur rence  of u n u s u a l l y  
l a r g e  p o s i t i v e  v a l u e s  of  t h e  v a r i a b l e  exceeding a pre-  
determined c r i t i c a l  v a l u e  a c t u a t e s  a d e t e c t i o n  s i g n a l  by 
t h i s  model. 
Example of TTI  I n c i d e n t  D e t e c t i o n  Models 
A s  mentioned p r e v i o u s l y ,  in fo rmat ion  on t h e  f i v e  T T I  
model v a r i a b l e s  was p r i n t e d  minute-by-minute spanning t h e  
d u r a t i o n  of t h e  50 on-freeway i n c i d e n t s  s e l e c t e d  f o r  anal -  
y s i s .  Sample p l o t s  f o r  each of  t h e  models f o r  one i n c i d e n t  
( t h e  same shown i n  F i g u r e  7 )  a r e  d e p i c t e d  i n  F i g u r e  13.  The 
i n c i d e n t  d u r a t i o n  i s  i n d i c a t e d  by t h e  shaded a r e a .  Each 
T T I  model i s  observed t o  respond a s  expected  f o r  t h i s  
i n c i d e n t .  
T T I  Research F ind ings  and The U n i v e r s i t y  of Michigan Research 
Approach 
T T I  determined "normal t r a f f i c "  v a l u e s  f o r  each model 
v a r i a b l e  by s tudy ing  240  minutes  of  d a t a  from each of  f o u r  
a f t e r n o o n  peak p e r i o d s .  The p r o b a b i l i t y  of a f a l s e  alarm 
s i g n a l  ("a lpha '  e r r o r )  was a r b i t r a r i l y  se t  a t  one p e r c e n t  
( 1 0 ) .  Hence, t h e  c r i t i c a l  v a l u e  of "one-sided" v a r i a b l e s  
was o b t a i n e d  by u s i n g  t h e  99  p e r c e n t i l e  v a l u e .  The 0.5 and 
9 9 . 5  p e r c e n t i l e  v a l u e s  from t h e  cumula t ive  d i s t r i b u t i o n  
f u n c t i o n  were used a s  t h e  c r i t i c a l  v a l u e s  f o r  t h o s e  v a r i a b l e s  
FIGURE 13 
PERFORMANCE OF THE TTI DETECTION 
MODEL VARIARLES DURING AN INCIDENT 
i n  which "two-sided" v a r i a t i o n  is  used t o  s i g n a l  t h e  
occurrence  of  a n  i n c i d e n t .  
During t h e  1968 r e s e a r c h ,  d a t a  from 25 " i n c i d e n t "  days 
f o r  f i v e  d e t e c t o r  s t a t i o n s  were analyzed.  On t h e s e  days 
t h e r e  were 29 on-freeway i n c i d e n t s  and 315 off-freeway i n c i -  
d e n t s  a s  determined from t e l e v i s i o n  s u r v e i l l a n c e  records .  
Off-freeway i n c i d e n t s  were de f ined  a s  i n c i d e n t s  on t h e  
shoulder  of t h e  road o r  any o t h e r  occurrences  t h a t  could 
pose a  v i s u a l  d i s t r a c t i o n  t o  freeway d r i v e r s .  T T I  recommend- 
ed t h a t  a  l a r g e r  sample be  ob ta ined  a s  a  b a s i s  f o r  more 
s p e c i f i c  conc lus ions .  
The i r  f i n d i n g s  were encouraging,  wi th  90% of t h e  on,- 
freeway i n c i d e n t s  be ing d e t e c t e d  w i t h i n  one minute a f t e r  t h e  
o n s e t  of conges t ion ,  and a l l  of  t h e  on-freeway i n c i d e n t s  
be ing  d e t e c t e d  w i t h i n  s i x  minutes.  A s  might be expected,  
t h e  d e t e c t i o n  o f  off-freeway i n c i d e n t s  was a  more chal leng-  
i n g  problem. Only 50% were d e t e c t e d  a f t e r  one minute,  aind 
25% remained undetec ted  a f t e r  n i n e  minutes.  
The 1968 T T I  f i n a l  r e p o r t  g i v e s  l i t t l e  i n d i c a t i o n  of 
t h e  i n d i v i d u a l  d e t e c t i o n  and t ime l a g s  i n  t h e  performance 
of each model and t h e i r  r e l a t i v e  performance dur ing  an 
i n c i d e n t  ( 1 0 ) .  The Univers i ty  of Michigan r e s e a r c h  program 
was s t r u c t u r e d  t o  g i v e  d e f i n i t i v e  answers t o  t h e s e  q u e s t i o n s .  
Since  T T I  i n c i d e n t  a n a l y s i s  d a t a  were n o t  a v a i l a b l e ,  a  
s e p a r a t e  and l a r g e r  sample of 50 on-freeway i n c i d e n t s  was 
s t u d i e d .  
Also ,  T T I  concluded t h a t  a  u s a b l e  i n c i d e n t  d e t e c t i o n  
system would b e  d i f f i c u l t  t o  fo rmula te  d i r e c t l y  and t h a t  
a d d i t i o n a l  i n v e s t i g a t i o n s  would be r e q u i r e d  b e f o r e  such a 
system could be  developed.  A s  a  p a r t  of  t h i s  r e s e a r c h  a n  
e f f o r t  was made t o  advance t h e  development of  such a  system. 
All of t h e  TTI models genera ted  c o n s i d e r a b l e  numbers 
of f a l s e  a larms,  s u b s t a n t i a l l y  more than  t h e  a n t i c i p a t e d  
one p e r c e n t .  The number of f a l s e  a larms exceeded t h e  count  
of c o r r e c t  s i g n a l s .  I n  an  e x p l o r a t i o n  of  ways of  responding 
t o  t h e  f a l s e  a larm problem, T T I  r e s e a r c h e r s  sugges ted  t h e  
s imul taneous  a p p l i c a t i o n  of t h e  f i v e  models. They assumed 
t h e  v a r i a b l e s  of t h e  d i f f e r e n t  models t o  be independent  of  
each o t h e r .  For  t h e i r  s e l e c t e d  d a t a  base  of  d e t e c t i o n s  they  
c a l c u l a t e d  t h e  p r o b a b i l i t y  of  a  f a l s e  alarm s i g n a l  from 
any one of t h e  models i n  a g iven minute t o  be  a lmost  f i v e  
p e r c e n t .  This  would amount t o  a  fa l se  a larm s i g n a l  approxi-  
mate ly  once every  20 minutes a t  each d e t e c t o r  s t a t i o n .  S i n c e  
a c t u a l  freeway i n c i d e n t s ,  e s p e c i a l l y  on-freeway i n c i d e n t s ,  
occur  f a r  l e s s  f r e q u e n t l y  than  every  2 0  minutes ,  f a l s e  a larm 
i n d i c a t i o n s  would s t i l l  g r e a t l y  exceed t r u e  i n c i d e n t  s i g n a l s .  
Noting t h e  50 t o  85% r e d u c t i o n  i n  f a l s e  alarms a s  
l a t e r  d a t a  were r e c e i v e d  f o r  t h o s e  i n c i d e n t s  of s e v e r a l  
minutes d u r a t i o n ,  T T I  concluded t h a t  t h e i r  models were 
more e f f e c t i v e  f o r  t h e  d e t e c t i o n  of i n c i d e n t s  l a s t i n g  mare 
than  one minute.  They then  reduced t h e  p r o b a b i l i t y  of 
f a l s e  alarms by r e d e f i n i n g  an i n c i d e n t  i n d i c a t i o n  t o  be a  
v a r i a b l e  v a l u e  exceeding t h e  c r i t i c a l  t h r e s h o l d  v a l u e  f o r  
more than  one consecu t ive  minute.  Assuming independence of 
t h e s e  v a r i a b l e s  over  t ime,  T T I  c a l c u l a t e d  t h a t  t h e  p r o b a b i l i t y  
of a  f a l s e  a larm l a s t i n g  two consecu t ive  minutes was 0 . 2 5 % .  
There a r e  problems wi th  t h i s  approach. S ince  many o f  
t h e  models use  i d e n t i c a l  i n p u t s ,  it would be  expected t h a t  
t h e  " i n c i d e n t  occurrence"  s i g n a l s  wou3.d n o t  be independent  
and t h e  r e l a t i v e  frequency of f a l s e  alarms n o t  reduced a s  
expected ,  Also,  a t  l e a s t  one model, t h e  Subsystem Shock 
Wave Model, cannot  be expected t o  confirm i t s e l f  i n  t h e  
second minute on t h e o r e t i c a l  grounds. S ince  a conf i rmat ion  
sequence would have degraded t h e  performance of t h e  T T I  
model, t h i s  approach was n o t  adopted i n  t h e  p r e s e n t  r e s e a r c h  
program. 
An improved unders tanding of t h e  r e l a t i o n s h i p  between 
s i g n a l s  genera.ted by a c t u a l  i n c i d e n t s  and f a l s e  a larms was 
a  prime o b j e c t i v e  of t h i s  r e s e a r c h .  Values f o r  an  idea' 
v a r i a b l e  recorded dur ing  an  i n c i d e n t  would never  occur  i n  
t h e  course  o f  normal t r a f f i c  o p e r a t i o n s .  The frequency 
d i s t r i b u t i o n  of  t h e s e  v a l u e s  would extend over  a  d i f f e r e n t  
range  than  t h e  d i s t r i b u t i o n  achieved d u r i n g  normal t r a f f i c  
o p e r a t i o n s .  A major o b j e c t i v e  of t h i s  r e s e a r c h  was t o  
e x p l o r e  t h e  t r ade -of f  between t h e  two types  of e r r o r s ,  f a l s e  
alarms and f a i l u r e  t o  s i g n a l  t h e  occurrence  of  an i n c i d e n t ,  
f o r  T T I  models. 
Recognizing t h a t  macroscopic t r a f f i c  flow v a r i a b l e s  
respond t o  such dynamic environmental  c h a r a c t e r i s t i c s  a s  
t ime of day and weather  c o n d i t i o n s ,  T T I  recommended u t i l i -  
z a t i o n  of  a  l a r g e r  sample of i n c i d e n t s  a s  a  b a s i s  f o r  s t u d i e s  
of t h e  b e n e f i t s  of s t r a t i f y i n g  t h e  d a t a  and developing 
i n c i d e n t  s i g n a l  t h r e s h o l d s  f o r  a  v a r i e t y  of c o n d i t i o n s  a s  
a means of improving t h e  performance o f  t h e i r  models. This  
sugges t ion  was explored  a s  a  p a r t  of t h i s  r e s e a r c h .  More- 
o v e r ,  t h e r e  i s  a  q u e s t i o n  of how r e p r e s e n t a t i v e  of t r a f f i c  
c o n d i t i o n s  a  cumula t ive  d i s t r i b u t i o n  can be. The d i s t r i -  
b u t i o n  must i n c l u d e  a11 l e v e l s  of  t r a f f i c  o p e r a t i o n s  i n  pro- 
p o r t i o n  t o  t h e i r  1-ikelihood of  occurrence .  I n  a d d i t i o n  t o  
days of  inc lement  weather ,  t h e r e  a r e  days when t r a f f i c  simply 
i s  no t  " running w e l l , "  o f t e n  when a major i n c i d e n t  has taken 
p l a c e  p r e v i o u s l y .  Congestion i n  t h e  form of  c l u s t e r s  of 
s topped v e h i c l e s  may have c l e a r e d  away, b u t  e f f e c t s  may 
l i n g e r  f o r  hours  a f t e rward .  
The au tomat ic  o p e r a t i o n  of  a  r e a l - t i m e  c o n t r o l  system 
o r  r e a d j u s t i n g  p r i o r i t i e s  i n  i n v e s t i g a t i n g  i n c i d e n t s  would 
b e n e f i t  substant ia1J.y from t h e  p roper  s i g n a l i n g  of  t h e  end 
of  t h e  capac i ty - reduc ing  e f f e c t s  of  t h e  i n c i d e n t .  The T T I  
models were e v a l u a t e d  i n  terms of  t h e i r  c a p a b i l i t y  o f  
s i g n a l i n g  t h e  end of  an  i n c i d e n t  t h a t  had p r e v i o u s l y  been 
d e t e c t e d .  
S i n c e  t h e  r e s e a r c h  program was based on t h e  t e l e v i s i o n  
s u r v e i l l a n c e  system, it was a l s o  b e l i e v e d  necessa ry  t h a t  some 
e x p l o r a t i o n  of t h e  r e l i a b i l i t y  of  t h e  d a t a  d e r i v e d  from t h e  
t e l e v i s i o n  r e c o r d s  b e  made, p a r t i c u l a r l y  a s  t h e  d a t a  was 
c o n s i s t e n t  w i t h  recorded  c o n g e s t i o n  a t  nearby d e t e c t o r  
l o c a t i o n s .  
Another problem t o  which a t t e n t i o n  was d i r e c t e d  i n  
t h e  r e s e a r c h  was t h a t  of  t h e  n a t u r e  o f  t h e  i n c i d e n t .  I f  
t h e  t r a f f i c  f low c h a r a c t e r i s t i c s  r ecorded  i n  t h e  e a r l y  phases  
of t h e  d e t e c t i o n  p r o c e s s  c o n t a i n e d  i n f o r m a t i o n  a s  t o  whether  
o r  n o t  an  i n c i d e n t  was an a c c i d e n t  o r  d a t a  t h a t  would h e l p  
p r e d i c t  t h e  d u r a t i o n  o f  t h e  i n c i d e n t ,  t h i s  would b e  v a l u a b l e .  
Any in fo rmat ion  on l i k e l y  f low r a t e s  through t h e  b o t t l e n e c k  
i n  t h e  n e x t  few minutes  would f a c i l i t a t e  a  more a c c u r a t e  
ramp and in fo rmat ion  c o n t r o l  r e s p o n s e  t o  a n  i n c i d e n t .  A s  a  
p a r t  of  t h i s  r e s e a r c h  an  e f f o r t  was made t o  i d e n t i f y  
c h a r a c t e r i s t i c s  of  t h e s e  t y p e s  from t h e  sample of  50 
i n c i d e n t s .  
University of Michigan Research Approach: The first 
step in the further analysis of the TTI models was the 
development of cumulative distribution curves for each 
traffic variable for "normal" operations at each of the 
four contiguous stations and the three subsystems encom- 
passed by them. Appropriate critical parameters were 
selected and each model evaluated on the basis of time to 
detection, tl, and the other time- and false-signal-related 
characteristics of interest for the 50 incidents described 
previously. 
As did TTI, the 99th percentile was used to determine 
the threshold value for detection of an incident for each 
model. En the case of the Subsystem Shock Wave Model the 
presence of an incident could be indicated either by an 
increase or decrease in subsystem storage, so the 0.5 and 
99.5 percentile were used to achieve an overall one percent 
likelihood of false alarms. Two representative cumulative 
distributions with the 99th percentile indicated are pre- 
sented in Figures C-1 and C-2 in Appendix C. 
Contact with researchers in freeway surveillance in 
Los Angeles, California, led to consideration of what is 
here termed the "California Model" (42) . In the universe 
of d e t e c t i o n  models shown i n  Table 2 t h e  C a l i f o r n i a  Model 
s t a n d s  d i s t i n c t  from a l l  t h e  T T I  models by cons ide r ing  t.he 
previous  two minutes of t r a f f i c  d a t a  r a t h e r  than  j u s t  t h e  
one most r e c e n t  minute.  I t  a l s o  uses  only  one v a r i a b l e ,  
average  s t a t i o n  occupancy. The s i g n i f i c a n c e  of t h i s  addi-  
t i o n a l  f a c t o r  can be seen  by aga in  cons ide r ing  t h e  hypothe- 
t i c a l  capaci ty- reducing i n c i d e n t  of F igure  9 .  Where t h e  
TTI  models a r e  in tended  t o  d e t e c t  t h e  passage of t h e  i n c i -  
d e n t  shock wave o r  t h e  ensuing t h e o r e t i c a l l y  s t a t i c  s t a t e  
of t r a f f i c  o p e r a t i o n s ,  t h e  C a l i f o r n i a  Model i s  designed t o  
d e t e c t  t h e  dynamic sequence of  even t s  t h a t  r e s u l t  i n  o p t  = r a w  
t i o n s  going from t h o s e  p r e v a i l i n g  be fo re  t h e  i n c i d e n t  f low 
t o  t h e  congested s t a t e  d e p i c t e d  i n  F igure  9 .  
The C a l i f o r n i a  Model c o n s i s t s  of t h r e e  s e q u e n t i a l  t e s t s  
a l l  based on occupancy changes a t  t h e  upstream and downstream 
d e t e c t o r  s t a t i o n s  of a  subsystem. An i n c i d e n t  i s  s i g n a l e d  
only  when t h e  t h r e s h o l d  v a l u e s  f o r  a l l  t h r e e  v a r i a b l e s  a r e  
exceeded, i n d i c a t i n g  t h a t  t h e  sequence of even t s  a s s o c i a t e d  
w i t h  a  t y p i c a l  capaci ty- reducing i n c i d e n t  has  occurred .  I n  
C a l i f o r n i a  t h e  model i s  a p p l i e d  t o  moving average d a t a  f o r  
t h e  most r e c e n t  two minutes and updated every twenty seconds. 
The f i r s t  t e s t  i s  t h e  "shock wave" test .  I t  measures 
t h e  c u r r e n t  d i f f e r e n c e  i n  occupancy between two ad jacen t  
s t a t i o n s ,  c a l l e d  t h e  kl v a r i a b l e .  I f  t h e  t r a f f i c  i s  s i g n i -  
f i c a n t l y  more dense  upstream than  can be expla ined by r e g u l a r  
f l u c t u a t i o n s  i n  t r a f f i c  o p e r a t i o n s ,  then  t h i s  i s  t h e  f i r s t  
i n d i c a t i o n  t h a t  a  b o t t l e n e c k  o r  capaci ty- reducing i n c i d e n t  
has  taken p l a c e  w i t h i n  t h e  subsystem. The second t e s t  i s  
a  normal iza t ion  of t h e  f i r s t ,  t h e  f r a c t i o n a l  d i f f e r e n c e  i n  
downstream occupancy from t h e  upstream occupancy, t h e  k 2  
v a r i a b l e .  I f  t h e  c r i t i c a l  va lue  f o r  t h i s  v a r i a b l e  i s  
exceeded, i t  i n d i c a t e s  a  c o n s i d e r a b l e  d i f f e r e n c e  i n  t h e  s t a t e  
of t r a f f i c  o p e r a t i o n s  a t  t h e  two s t a t i o n s .  The model l o g i c  
then  proceeds t o  t h e  f i n a l  t e s t ,  t h a t  of measuring t h e  
f r a c t i o n a l  change i n  occupancy over  t ime a t  t h e  downstream 
s t a t i o n  i n  t h e  p a s t  two i n t e r v a l s .  This  i s  t h e  k j  v a r i a b l e .  
A dec rease  i n  occupancy i s  more c h a r a c t e r i s t i c  of an  i n c i -  
d e n t  than  a  mere b o t t l e n e c k  because i t  marks t h e  reduced 
f low p a s t  t h e  i n c i d e n t .  A s i g n i f i c a n t  dec rease  w i l l  r e s u l t  
i n  t h e  s i g n a l i n g  of  an i n c i d e n t  by t h e  model. The formulas 
f o r  each t e s t  a r e  p resen ted  i n  Appendix D along wi th  a  flow 
c h a r t  of t h e  model l o g i c .  F igure  1 4  shows t h e  performance 
of  t h i s  model f o r  t h e  same i n c i d e n t  t o  which t h e  T T I  models 
responded i n  F igure  13. 
Research Program f o r  t h e  C a l i f o r n i a  Model 
The r e s e a r c h  i n t o  t h e  perfor~nance  of t h e  C a l i f o r n i a  
Model was condi t ioned i n i t i a l l y  by t h e  d i f f e r e n c e s  i n  t h e  
da t a  s t reams.  I t  was not deemed d e s i r a b l e  t o  use  a  moving 
average  of  t h r e e  one-minute v a l u e s  f o r  t h e  Lodge Freeway 
as a  s u b s t i t u t e  f o r  t h e  t h r e e  20-second v a l u e s  used i n  
t h e  ~ a l i f o r n i a  Model. However, it was be l i eved  t h a t  t h e  
;:I UJ 
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model could b e  f a i r l y  t e s t e d  us ing  Lodge one-minute d a t a .  
The r e s e a r c h  p lan  a s  f i n a l l y  adopted involved a  s tudy  of 
t h e  e f f e c t i v e n e s s  of t h i s  model f o r  t h e  same 50 i n c i d e n t s  
used t o  t e s t  t h e  T T I  Models. Much of t h i s  s tudy  p a r a l l e l s  
t h e  a n a l y s i s  of t h e  T T I  Models. The r e s u l t s  f o r  both  model 
groups a r e  p resen ted  i n  Chapter Two. 
Optimal Parameters:  C r i t i c a l  t h r e s h o l d s  c a l l e d  K 1 ,  
K 2 ,  and K 3 ,  r e s p e c t i v e l y ,  a r e  a s s o c i a t e d  wi th  each of t h e  
above t e s t s .  These c o n t r o l  parameters  could he developed 
i n  t h e  same way a s  t h e  T T I  model parameters ,  wi th  d a t a  from 
days wi thout  i n c i d e n t s  compiled i n  o r d e r  t o  produce s t a t i s -  
t i c a l l y  i n f r e q u e n t  t h r e s h o l d  va lues  f o r  d e t e c t i o n .  However, 
s i n c e  i t  i s  t h e  sequence of  t h e s e  t h r e e  parameters  s i g n a l i n g  
t h a t  accomplishes t h e  d e t e c t i o n ,  another  method f o r  s e l e c t -  
i n g  t h r e s h o l d  va lues  was used which ensured a  h igh  
p r o b a b i l i t y  of d e t e c t i o n  wi thout  an undue number of  f a l s e  
a larms.  
To ach ieve  t h i s ,  t h e  C a l i f o r n i a  Model was i n i t i a l l y  
programmed and a p p l i e d  t o  s i x  peak pe r iods  of  t r a f f i c  d a t a  
which conta ined 11 on-freeway i n c i d e n t s .  This  p re l iminary  
s tudy was in tended t o  both  t e s t  t h e  v a l i d i t y  of t h e  model 
f o r  t h e  Lodge Freeway and t o  determine approximately op t ima l  
va lues  f o r  t h e  t h r e e  d e t e c t i o n  parameters .  A program was 
w r i t t e n  t o  c y c l e  through v a r i o u s  combinat ions of v a l u e s  of  
t h e s e  tes t  parameters  f o r  each day of d a t a .  The i t e r a t i o n s  
inc luded  t h e  f a l l o w i n g  v a l u e s :  
K 1 :  6 ,  8 ,  and 1 0 %  occupancy 
K2: 0.45, 0.50, 0.55 
K3: 0.20, 0.22, 0.24, 0.26, 0.28, 0.30 
The op t ima l  t e s t  parameters  f o r  l a r g e s t  numbers of  i n c i d e n t s  
d e t e c t e d  and f e w e s t  f a l s e  a larms were K 1  = 1 0 %  and K 2  = 0.55 
f o r  a l l  t h r e e  subsystems. There was i n s u f f i c i e n t  d a t a  t o  
de termine  an op t ima l  v a l u e  f o r  K3 excep t  t h a t  t h e  above 
range  appeared t o  i n c l u d e  t h e  op t ima l  v a l u e s .  
The number of  successfuL d e t e c t i o n s  and f a l s e  alarms 
a s s o c i a t e d  w i t h  t h e  range  i n  v a l u e s  of t h e  K2 and K3 para-  
me te r s  i s  g iven  i n  Table 3 f o r  t h e  t h r e e  subsystems t o g e t h e r .  
The same r e s u l t s  were ob ta ined  f o r  a l l  t h r e e  v a l u e s  of  R 1 .  
I t  i s  a p p a r e n t  t h a t  w i t h i n  t h e  above ranges  a  c r i t e r i o n  f o r  
o p t i m a l i t y  could be  t h e  r e d u c t i o n  i n  f a l s e  a larms.  The 
maximum number of f a l s e  a larms observed was 2 2  f o r  a11 sub- 
systems w i t h  t h e  lowes t  K2 and K 3  v a l u e s ,  and t h e  minimiam 
number was one f o r  t h e  h i g h e s t  v a l u e s .  The range  i n  i n c i -  
d e n t  d e t e c t i o n  i s  from s i x  t o  e i g h t ,  i n d i c a t i n g  t h e  n a t u r e  
of  t h e  t r ade -of f  between d e t e c t i o n  success  and f a l s e  alarms 
f o r  t h i s  model. The K3 parameter  was t h e  most s e n s i t i v e  
in reducing the number of false alarms. This was to be 
expected since it is this parameter that distinguishes 
between a fixed bottleneck and temporary capacity reduction. 
TABLE 3 
NUMBER OF SUCCESSFUL DETECTIONS AND FALSE ALARMS 
ASSOCIATEC WITH CALIFORNIA MODEL 
DETECTION PARAMETERS * 
-- 
*In the preliminary study there were 11 incidents. 
T h e  number of successful detections is given above 
for each set of parameters. False alarms asso- 
ciated with each set are in parentheses. 
Model Modif ica t ions :  Despi te  t h e  d i f f e r e n c e  i n  d a t a  
accumulat ion time i n t e r v a l s  and t h e i r  t r e a t m e n t ,  t h e  para-  
meter  v a l u e s  found above were s i m i l a r  t o  t h o s e  sugges ted  by 
r e s e a r c h e r s  from ~ a l i f o r n i a  ( 4 2 ) .  Thei r  method of corn-, 
p i l i n g  d a t a  each 20 seconds would be expected t o  be more 
s e n s i t i v e  t o  downstream changes i n  occupancy and provide  
f a s t e r  response  than  p o s s i b l e  wi th  Lodge Freeway d a t a .  The 
use  of more h i s t o r i c  d a t a  would slow t h e  Lodqe response  on 
t h e  average,  a l though it would perhaps make it  l e s s  vul-nerable 
t o  t h e  s t o c h a s t i c  p r o p e r t i e s  of t h e  d a t a  s t ream over  t ime. 
I t  was concluded t h a t  t h e  C a l i f o r n i a  Model could be used 
s a t i s f a c t o r i l y  w i t h  one minute d a t a .  
With t h e  use  of  opt imal  K 2  and IZ3 parameters  f o r  each 
subsystem, of t h e  t o t a l  of 11 i n c i d e n t s  t h e r e  were e i g h t  
d e t e c t i o n s  wi th  t h e  C a l i f o r n i a  Model. There were two f a l s e  
a larms,  a ve ry  low r a t e  cons ide r ing  t h a t  t h e  model was 
a p p l i e d  over  2 , 0 0 0  t imes  i n  each of t h e  subsystems dur ing  
t h e  s i x  peak p e r i o d s .  This  p re l iminary  performance demon- 
s t r a t e d  t h e  c a p a b i l i t y  of t h e  model t o  d e t e c t  i n c i d e n t s  
reasonably  w e l l  a t  a f a l s e  alarm r a t e  much lower than  demon- 
s t r a t e d  by t h e  T T I  models. 
The p re l iminary  work and l i s t i n g s  of a l l  t h e  threlshold 
parameters  i n  t h e  l a t e r  work l e d  t o  t h e  conclus ion  t h a t  t h e  
K 1  parameter  se rved  no u s e f u l  f u n c t i o n .  I t  appeared t o  
s i g n a l  more o f t e n  than  t h e  K2 parameter .  S e t t i n g  t h e  K l  
t h r e s h o l d  h igher  was u s e l e s s  because t h e  parameter  f r e q u e n t l y  
was n o t  much g r e a t e r  than  t e n  p e r c e n t  when t h e  i n c i d e n t  was 
d e t e c t e d .  The K l  parameter  was compiled f o r  purposes of 
r e s e a r c h  b u t  n o t  used i n  t h e  d e t e c t i o n  l o g i c .  
The C a l i f o r n i a  Model, both  as d e s c r i b e d  and a s  f i n a l l y  
developed i n  t h i s  r e s e a r c h ,  c o n t a i n s  t e r m i n a t i o n  l o g i c  f o r  
t h e  end of an  i n c i d e n t .  Once an i n c i d e n t  has been d e t e c t e d ,  
t h e  i n c i d e n t  s t a y s  d e c l a r e d  u n t i l  e i t h e r  t h e  k 2  v a r i a b l e  i s  
below K 2  o r  t h e  downstream occupancy f o r  t h e  f i r s t  time 
exceeds t h e  occupancy a t  t h e  s t a r t  of t h e  i n c i d e n t .  For 
t h e  most p a r t ,  t h e s e  two t e r m i n a t i o n  s i g n a l s  occur  a t  t h e  
same t ime b u t  i n  some c a s e s  t h e  k 2  t e s t  ends t h e  i n c i d e n t  
because t h e  occupancy downstream l i n g e r s  below t h e  threshold .  
occupancy. I n  g e n e r a l ,  t h e  t e r m i n a t i o n  s i g n a l  always coin-  
c i d e s  w i t h  t h e  end of  t h e  d e t e c t a b l e  conges t ion  i n  t h e  50- 
i n c i d e n t  s tudy d a t a  s e t .  
A f t e r  t h e  p re l iminary  s t u d i e s  of  t h e  C a l i f o r n i a  Model 
were f i n i s h e d ,  i t  was decided t o  i n c o r p o r a t e  a  conf i rmat ion  
sequence i n  t h e  model l o g i c  i n  o r d e r  t o  e l i m i n a t e  some f a l s e  
a larms.  I n  t h e  nex t  minute a f t e r  t h e  K 2  and K 3  parameters  
were exceeded, t h e  K 2  t h r e s h o l d  had t o  be exceeded aga in  
b e f o r e  an i n c i d e n t  s i g n a l  was given.  The k3 v a r i a b l e  cannot  
be expected t o  s i g n a l  more than  once s i n c e  it i n d i c a t e s  t h e  
passage  of t h e  downstream shock wave of reduced c a p a c i t y ,  
b u t  t h e  k v a r i a b l e  s t a y s  above t h e  th resho ld  f o r  t h e  2 
d u r a t i o n  of t h e  i n c i d e n t .  This  conf i rmat ion  sequence d i d  
n o t  a f f e c t  model performance i n  Subsystems Two and Three, 
b u t  d i d  r e s u l t  i n  more missed i n c i d e n t s  i n  Subsystem One, 
The conf i rmat ion  sequence, however, i s  judged d e s i r a b l e .  
The r e s u l t s  i n  Chapter Two p r e s e n t  what i s  be l i eved  t o  be a  
f a i r  assessment  of t h e  c a p a b i l i t y  of t h e  model. A s  i n d i -  
c a t e d  p r e v i o u s l y ,  conf i rmat ion  l o g i c  i n  t h e  second minute 
of d e t e c t i o n  was n o t  cons idered  f o r  t h e  T T I  models because 
s o  many d e t e c t i o n s  were only  f o r  a  minute.  The r e d u c t i o n  
i n  f a l s e  alarms would n o t  have compensated f o r  t h i s  s e v e r e  
a  degrada t ion  of  performance. A flow c h a r t  of t h e  C a l i f o r n i a  
Model program l o g i c  a s  used f o r  t h e  remainder of t h e  s t u d i e s  
i s  g iven a s  F igure  D - 1  i n  Appendix D. 
There were two more phases i n  t h e  s t u d i e s  of t h e  
C a l i f o r n i a  Model. Before t h e  model could be a p p l i e d  t o  
t h e  50-incident  d a t a  base  t h e  K 2  and K3 th resho ld  v a l u e s  had 
t o  be  more p r e c i s e l y  determined,  To accomplish t h i s ,  t h e  
Modified C a l i f o r n i a  Model was a p p l i e d  t o  18 peak pe r iods  
which conta ined a  t o t a l  of  2 7  i n c i d e n t s ,  a t  l e a s t  e i g h t  i n  
each subsystem. The 18 days included f o u r  days of  r a i n  and 
one of snow s o  t h a t  t h e  r e s u l t i n g  t h r e s h o l d  va lues  could be 
s t r a t i f i e d  by weather i f  s i g n i f i c a n t  changes i n  performance 
were found. Pre l iminary  v a l u e s  of K 2  equal ing  0 .54  and 
K 3  equa l ing  0.18 were used i n  t h e  program t o  s o r t  o u t  most 
of  t h e  i n c i d e n t s  and f a l s e  alarms. The 18 days encompassed 
4860 minutes of  a n a l y s i s .  I t  was a n t i c i p a t e d  t h a t  t h i s  
sample s i z e  would y i e l d  a  s a t i s f a c t o r y  i n d i c a t i o n  of  t h e  
inc idence  of f a l s e  alarms.  The k2  and k3  v a l u e s  f o r  a l l  
subsystems were p r i n t e d  f a r  each minute. The d a t a  were 
manually e d i t e d  t o  r e f i n e  t h e  t h r e s h o l d  va lues  t o  produce 
t h e  b e s t  performance wi th  fewest  f a l s e  alarms.  Table 4 
shows t h e  opt imal  va lues  of  both  v a r i a b l e s  f o r  each sub- 
system and f o r  d i f f e r e n t  weather  cond i t ions .  
TABLE 4 
OPTIJML PARAMETERS 
I n  most c a s e s ,  t h e  r a i n  t h r e s h o l d s  a r e  n o t  s i g n i f i c a n t l y  
d i f f e r e n t  from t h e  d ry  t h r e s h o l d s .  I n  t h e  ease  of t h e  K 3  
parameter i n  Subsystems Two and Three t h e  r a i n  t h r e s h o l d s  
d ive rge  from t h e  dry  t h r e s h o l d s  p r i n c i p a l l y  i n  o r d e r  t o  
reduce f a l s e  alarms on two r a i n y  days. The few r a i n  and 
snow i n c i d e n t s  included i n  t h e  98 days e i t h e r  s igna l ed  o r  
f e l l  f a r  s h o r t  of t h e  t h re sho lds .  The two minute confirma- 
t i o n  l o g i c  was q u i t e  necessary i n  Subsystem Two and Three 
t o  e l imina t e  f a l s e  alarms t h a t  occurred on r a i n y  days. This 
exper ience demonstrated t h a t  t h e  model i s  vu lnerab le  t o  
p r e v a i l i n g  bo t t l eneck  condi t ions  such a s  occurred on these  
i s o l a t e d  days,  
THE DOUBLE EXPONENTIAL SMQO'THING MODEL 
I n  t h e  un iverse  of d e t e c t i o n  models i n  Table 2 ,  a next  
l o g i c a l  s t e p  i n  t h e  use  of volume and occupancy d a t a  beyond 
t h e  C a l i f o r n i a  Model would be t o  cons ider  more than two 
minutes of p a s t  da t a .  A t i m e  s e r i e s  of any combination of 
t hese  two s e t s  of t r a f f i c  d a t a  w i l . 1  e x h i b i t  some degree of 
v a r i a b i l i t y  o r  "noise"  t h a t  masks t o  some e x t e n t  t h e  under- 
l y ing  t r ends  a s  t h e o r e t i c a l l y  dep ic ted  i n  Figure  9 .  
A l l  of t h e  subsystem models a l ready  presented d e t e c t  
temporal o r  s p a t i a l  s h i f t s  i n  v a r i a b l e  performance. Thus, 
t h e  t h r e e  TTI subsystem models (Subsystem Energy, Subsystem 
Shock Wave, and Subsystem Discont inu i ty )  and t h e  Modified 
C a l i f o r n i a  Model compensate f o r  t h e  s t o c h a s t i c  t endenc ies  
of t h e i r  v a r i a b l e s  by s e t t i n g  th re sho ld  l e v e l s  extreme 
enough t o  overcome t h e  f l u c t u a t i o n s  of normal t r a f f i c  and 
reduce t h e  p o s s i b i l i t y  of f a l s e  alarms.  A s  p rev ious ly  i nd i -  
ca ted ,  t h e  p o t e n t i a l  d isadvantage of t h i s  approach i s  t.he 
lack of sensitivity to the occurrence of actual incidents. 
The TTI station models, Station Energy and Station Discon- 
tinuity, must also contend with traffic fluctuations but 
their thresholds are set to detect variable extremes and not 
extreme values of variable differences. 
The advantage of considering more than just one or two 
minutes of past data would be the determination of real- 
time historical trends and a real-time estimate of the 
variability of the traffic variables being observed. A 
double exponential smoothing model, as described by Brown, 
was selected to meet these objectives (7). Exponential 
smoothing is a scheme of the autoregressive type where the 
predicted value of the variable in the coming minute is a 
simple function of several recent observations. The most 
recent observed value is given a weight, and the other older 
variable values are geometrically given less and less weight 
back in time. 
Computation formulas for the Double Exponential Model 
are presented in Appendix E ,  The model automatically corrects 
for trends in the data stream. With simple exponential 
smoothing the prediction would fail. to converge on 
actual conditions during a systematic trend. Trend 
would, of course, be present in peak period data as traffic 
builds to a peak and slackens off toward the end of the 
period. 
The s t a n d a r d  d e v i a t i o n  of t h e  t r a f f i c  v a r i a b l e  over  
t ime i s  es t ima ted  by applying exponen t i a l  smoothing t o  t h e  
s e r i e s  of  e s t i m a t e  e r r o r s  t o  produce a  c u r r e n t  e s t ima ted  
s t a n d a r d  d e v i a t i o n  t h a t  can be a p p l i e d  t o  t h e  t a s k  of i n c i -  
d e n t  d e t e c t i o n .  The o b j e c t i v e  of  smoothing models i n  g e n e r a l  
i s  t h e  d e t e c t i o n  of abnormal s h i f t s  i n  parameter  va lues , ,  
Whitson, e t  a l . ,  a p p l i e d  moving average  smoothing t o  a  s e r i e s  
of t r a f f i c  volumes ( 50) . They r e p o r t e d  t h a t  a f i v e  minute 
moving average  wi th  d e t e c t i o n  t h r e s h o l d s  of two s t a n d a r d  
d e v i a t i o n s  was s u c c e s s f u l  i n  t h e  d e t e c t i o n  o f  shock waves a s  
evidenced by sudden s h i f t s  i n  volume a t  a  s t a t i o n .  
To demonstrate  t h i s  type  of  model it was decided t o  
apply i t  s e p a r a t e l y  t o  s t a t i o n  volumes and occupancies.  
These v a r i a b l e s  would n o t  be expected t o  perform w e l l  w i t h o u t  
smoothing because of t h e i r  v a r i a b i l i t y  over  t ime.  I n  both  
c a s e s  a smoothing c o n s t a n t  of 0 . 3  was chosen, which meant 
t h a t  exponen t i a l  smoothing was approximately equa l  t o  a 
weighted moving average  of t h e  s i x  most r e c e n t  o b s e r v a t i o n s .  
I n c i d e n t  d e t e c t i o n  was accomplished through use  of a  
" t r a c k i n g  s i g n a l . "  The t r a c k i n g  s i g n a l  i s  t h e  a l g e b r a i c  sum 
t o  t h e  p r e s e n t  minute of  a l l  t h e  previous  e s t i m a t e  e r r o r s ,  
d iv ided  by t h e  c u r r e n t  e s t i m a t e  of t h e  s t andard  d e v i a t i o n .  
The s i g n a l  should  dwel l  around zero  s i n c e  t h e  p r e d i c t i o n s  
match e i t h e r  t h e  a c t u a l  outcome o r  compensate dur ing  t h e  
f o l l o w i n g  t i m e  p e r i o d .  Consequent ly ,  i f  t h e  s i g n a l  s t r a y s  
t o o  f a r  from ze ro ,  t h i s  c o n s t i t u t e s  a n  i n c i d e n t  d e t e c t i o n .  
Volume was used a s  a  v a r i a b l e  i n  a n  a n a l y s i s  o f  f i v e  
peak p e r i o d s  c o n t a i n i n g  s i x  i n c i d e n t s ,  and occupany was 
a p p l i e d  t o  t h r e e  days  c o n t a i n i n g  s i x  i n c i d e n t s .  The sample 
was s m a l l ,  b u t  was expec ted  t o  p r o v i d e  i n f o r m a t i o n  on t h e  
g e n e r a l  f e a s i b i l i t y  of t h e  model and an i n d i c a t i o n  o f  t h e  
t h r e s h o l d  v a l u e s  r e q u i r e d  f o r  t h e  t r a c k i n g  s i g n a l .  S e v e r a l  
v a l u e s  o f  t h e  smoothing c o n s t a n t  o t h e r  t h a n  0 .3  were t r i e d .  
Higher  v a l u e s  r e s u l t e d  i n  no d e t e c t i o n s  a t  a l l  and lower 
v a l u e s  g r e a t l y  i n c r e a s e d  t h e  f a l s e  a l a rms  a s  t h e  p r e d i c t i o n s  
were more s t r o n g l y  i n f l u e n c e d  by t h e  immediately  p reced ing  
v a r i a b l e  v a l u e .  Thus t h e  two e x p o n e n t i a l  models used a  
smoothing c o n s t a n t  o f  0 . 3  f o r  t h e  e i g h t  days  of  t r i a l s .  
A MULTIPLE STATION MODEL 
An i n c i d e n t  d e t e c t i o n  model t h a t  t a k e s  i n t o  cons ide ra -  
t i o n  t h e  r e l a t i v e  t r a f f i c  p a t t e r n s  of a  s e r i e s  of s t a t i o n s  
a long  a freeway i s  inc luded  i n  t h e  u n i v e r s e  of d e t e c t i o n  
models p resen ted  i n  Table 2.  The o u t p u t  of such a model 
would p rov ide  a  more a c c u r a t e  p i c t u r e  of t h e  s t a t e  of f r e e -  
way o p e r a t i o n s  and t h e  d i s t u r b a n c e s  propagated by an i n c i d e n t  
bo th  upstream and downstream. This  would c e r t a i n l y  be 
d e s i r a b l e  f o r  freeway s u r v e i l l a n c e  c o n t r o l  o p e r a t i o n s  a l though 
perhaps d i f f i c u l t  t o  ach ieve  owing t o  t h e  complexity of  
t r a f f i c  i n t e r a c t i o n s  i n  both  t ime and space.  
The t r a f f i c  response  t o  a  s t a l l e d  v e h i c l e  j u s t  upstream 
of  C a l v e r t  a t  t h e  f o u r  s t a t i o n s  r e p r e s e n t e d  i n  t h i s  s tudy  
i s  d e p i c t e d  i n  F igure  15. Average s t a t i o n  occupancies  a r e  
p l o t t e d  f o r  t h i s  i n c i d e n t ,  s e l e c t e d  f o r  p o r t r a y a l  because 
of t h e  s h o r t  b u t  pronounced e f f e c t  i t  had on freeway o p e r a t i o n s .  
The t ime of o n s e t  of  conges t ion  caused by t h e  i n c i d e n t  was 
4:38 p.m. a t  which time s e v e r a l  of  t h e  models e v a l u a t e d  i n  
t h i s  s tudy  s i g n a l e d  an  i n c i d e n t  i n  Subsystem Two. The 
reduced f low downstream a s  i n f e r r e d  from reduced occupancy 
i s  e v i d e n t  a t  t h e  C a l v e r t  s t a t i o n  a t  4:38 p.m. and about  two 
minutes l a t e r  some 4500 f e e t  f u r t h e r  downstream a t  t h e  
Glendale  s t a t i o n .  Comparison of t h e  two downstream s t a t i o n s  
i n d i c a t e s  a  p ropaga t ion  speed of  occupancy changes rang ing  




FIGURE 1 5  
EFFECTS OF A SHORT DURATION INCIDENT 
ON FREEWAY OPERATIONS 
Upstream t h e  t r a n s i t i o n  t o  congested f low a t  t h e  
Chicago s t a t i o n  i s  a m p l i f i e d  t o  a  s e v e r e  shock wave p a s s i n g  
t h e  Seward s t a t i o n  6000 f e e t  upstream abou t  f i v e  minutles 
l a t e r .  This  corresponds  t o  a  p ropaga t ion  v e l o c i t y  of  about  
1 4  m i l e s  p e r  hour upstream. The n e t  r e s u l t  is  t r a f f i c :  
brought  wi.3-ir~;tl.ly t o  a  s t a n d s t i l l  a t  Seward and congested 
o s c i l l a t o r y  f low ensuing f o r  t h e  t e n  minutes fo l lowing  t h e  
i n c i d e n t  w h i l e  downstream f lows have promptly recovered .  
The i n c i d e n t  d e t e c t i o n  models p rev ious ly  d i s c u s s e d  
e v a l u a t e  t r a f f i c  o p e r a t i o n s  a t  i n d i v i d u a l  s t a t i o n s  o r  sub- 
systems and do n o t  p i c k  up t h e s e  system-wide e f f e c t s .  Whether 
o r  n o t  c o n s i d e r i n g  t h e  s imul taneous  o p e r a t i o n  o f  a  s e r i e s  of  
s t a t i o n s  improves d e t e c t i o n  e f f e c t i v e n e s s  o r  i n c r e a s e s  model 
s e n s i t i v i t y  can on ly  be  answered by exhaus t ive  s tudy  o f  many 
i n c i d e n t s .  This  e f f o r t  was n o t  made i n  t h i s  s tudy ,  p a r t l y  
because t h e  s m a l l  number of s t a t i o n s  and v a r i e t y  i n  sub- 
sys tem l e n g t h  d i d  n o t  appear  t o  l end  i t s e l f  t o  t h e  develop- 
ment of  o t h e r  t h a n  a  h i g h l y  e m p i r i c a l  s e t  o f  conc lus ions .  
Conceptual ly ,  m u l t i - s t a t i o n  models seem a t t r a c t i v e  where 
l a r g e  numbers of  more c l o s e l y  spaced d e t e c t o r  s t a t i o n s  a r e  




CHARACTERISTICS OF FIFTY ON-FREEWAY INCIDENTS 
As described in Chapter One, data for 50 on-freewa~y 
congestion generating incidents based on television sur- 
veillance records were compiled. For each incident the 
volumes and occupancies at the upstream and downstream free- 
way detector stations and the values of the variables used 
in each detection model were calculated and printed for 
each minute. These records began approximately ten minutes 
before the incident was noted as starting from the television 
records until about ten minutes after the last traces of 
incident-caused congestion had disappeared. 
It is believed that this sample of on-freeway incidents 
is representative of those which would be observed on 
many U.S. freeways and that the results can be extrapolated 
for use in other urban areas. 
The average volumes observed before the incident 
occurred ranged from 3600 to 6000 vehicles per hour (1200 
to 2000 vehicle lane per hour). Prevailing occupancies 
ranged from nine to 45% with the great majority extending 
from ten to 30%. This range is approximately equivalent to 
vehicular densities of 80 to 250 vehicles per mile. Condi- 
tions ranged from free flowing to congested. 
Since  Desai has  shown t h a t  t h e  e f f e c t  of a  freeway 
i n c i d e n t  on o t h e r  t r a f f i c  v a r i e s  widely w i t h  t h e  t i m e  of 
day, t h e  t ime of  occurrence  of t h e  50 i n c i d e n t s  i n v e s t i g a t e d  
i n  t h i s  r e p o r t  was s t u d i e d  ( 1 5 ) .  A s  t h e  on ly  c r i t e r i a  f o r  
s e l e c t i o n  of t h e  i n c i d e n t s  were t h a t  they  occur  sometime 
i n  t h e  a f t e r n o o n  peak p e r i o d  and t h a t  a l l  t h e  on-freeway 
d e t e c t o r s  i n  t h e  p a r t i c u l a r  subsystem be working, i t  would 
be  expected t h a t  i n c i d e n t s  would be found t o  occur  a t  ran-  
dom t imes  throughout  t h e  peak p e r i o d .  A frequency d i s t r i -  
b u t i o n  of t h e  s t a r t i n g  t imes  f o r  t h e  47 i n c i d e n t s  t a k i n g  
p l a c e  between 2:00 and 6:00 p.m. i s  p resen ted  i n  t h e  fo l lowing  
t a b u l a t i o n :  
TIME INTERVAL 
2:00 - 3:00 p.m. 
3:00 - 4 : 0 0  p.m. 
4:00 - 5:00 p.m. 
5:00 - 6:00 p.m. 
NUMBER OF INCIDENTS 
With a sample of t h i s  s i z e  t h e  hypo thes i s  t h a t  i n c i -  
d e n t s  occur  uniformly over  t h e  peak pe r iod  cannot  be r e j e c t e d  
wi th  a f i v e  p e r c e n t  e r r o r  of t h e  f i r s t  type .  Hence, it i s  
t e n t a t i v e l y  concluded t h a t  i n c i d e n t s  a re  randomly d i s t r i -  
buted  dur ing  t h e  evening peak pe r iod .  
TIME INCIDENT OCCURRENCE 
The need for a consistent basis for the comparison of 
the effectiveness of the various models, the demanding 
requirements of television surveillance upon the observers, 
and the project administratorst experience in supervising 
this activity led to an auxiliary study. In this study, 
the relationship between the time the incident occurred as 
recorded in the television surveillance log (see ~ppendix 
A), and the onset of incident-related congestion, as deter- 
mined from the sensing system and recorded by the digital 
computer, was explored. 
Figure 16 shows the distribution of times recordeld by 
the television observers relative to the minute the onset 
of incident-caused congestion was recorded by the computer. 
It is noted that for the 50 incidents studied, television 
surveillance had a detection range of from five minutes prior 
to congestion onset to six minutes following incident detec- 
tion by the automatic control system. It generally would he 
expected that the television system would detect incidents 
from one to three minutes sooner than would the traffic flow 
incident detection system. However, 25 of the 50 incidents, 
50%, were recorded at least as soon by the automatic system 
as by the television response system. Television observers 
were instructed (Appendix A) to estimate the starting time of 
incidents discovered in progress, and as a consequence some 
log times must be regarded as approximate. 
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TELEVISION SOONER TELEVISION LATER (minutes) 
TELEVISION DETECTION TIME RELATIVE TO 
ONSET OF CONGESTIOtg 
A s  a  r e s u l t  of t h i s  ana lys i s  it was decided t h a t  it 
would be impossible t o  use t h e  time a s  recorded by the  
t e l e v i s i o n  observers a s  a  b a s i s  f o r  t he  cons i s t en t  compari- 
son of t h e  r a p i d i t y  of de t ec t ion  of an inc iden t  by t h e  
var ious  models. It  was decided t h a t  each model would be 
t e s t e d  aga ins t  t h e  onse t  of congestion a s  determined by 
t r a f f i c  flow c h a r a c t e r i s t i c s .  An i nc iden t  de t ec t ion  was 
defined a s  t h e  generat ion of a  s i g n a l  a t  anytime during the  
per iod of incident-generated congestion. I t  i s  noted t h a t  
t h i s  time base i s  no t  t h e  same a s  t h a t  used by T T I ,  and 
hence t h a t  t h e  time values  recorded by T T I  and r e f e r r e d  t o  
i n  Chapter One cannot be compared d i r e c t l y  wi th  those  recorded 
i n  t h i s  study ( 1 0 ) .  The u n a v a i l a b i l i t y  of T T I  d a t a  made it 
impossible t o  conduct independent analyses  of t h e i r  f ind ings .  
I N C I D E N T  AND CONGESTION DURATION 
F igure  17 shows t h e  cumula t ive  d i s t r i b u t i o n  o f  f r e e -  
way blockage t imes  f o r  t h e  50 i n c i d e n t s  based on t e l e v i s i o n  
r e c o r d s .  The average  d u r a t i o n  of on-freeway blockage f o r  
t h e s e  i n c i d e n t s  was 6 . 1  minutes ,  wi th  times rang ing  from 
one t o  19 minutes.  Half of  t h e  i n c i d e n t s  blocked l a n e s  f o r  
less than  f i v e  minutes and 8 0 %  f o r  l e s s  than  t e n  minutes.  
I n  on ly  one c a s e  was more than  one l a n e  blocked and t h e  f r e e -  
way was never completely blocked.  I n  two- th i rds  of t h e  
c a s e s  t h e  l a n e  a d j a c e n t  t o  t h e  median was t h e  blocked l a n e ,  
a p p a r e n t l y  a  r e f l e c t i o n  of t h e  l a c k  o f  a  shou lde r  r e f u g e  a t  
t h e  median ( s e e  F i g u r e  1) which n e c e s s i t a t e s  c r o s s i n g  two 
freeway l a n e s  t o  r e a c h  t h e  o u t e r  shou lde r .  
F igure  18 p r e s e n t s  t h e  d i s t r i b u t i o n  of  d u r a t i o n s  of 
conges t ion  a t t r i b u t a b l e  t o  t h e  i n c i d e n t .  I n  6 0 %  o f  t h e  
c a s e s  t h e  e f f e c t s  of  t h e  i n c i d e n t  d isappeared  w i t h i n  t e n  
minutes of  i t s  beginning.  However, t e n  p e r c e n t  of t h e  i n c i -  
d e n t s  a f f e c t e d  t r a f f i c  flow f o r  a  pe r iod  longer  than  25 
minutes.  
A s  can be s e e n ,  freeway o p e r a t i o n s  tend t o  r ecover  q u i t e  
r a p i d l y  t o  t h e i r  p r e - i n c i d e n t  o p e r a t i o n a l  s t a t e .  However, 
f o r  two c a s e s  n o t  p l o t t e d ,  t h e  conges t ion  l i n g e r e d  f o r  a t  
l e a s t  15  minutes and beyond t h e  range  of  p r i n t e d  d a t a .  I n  





DURATION OF ON-FREEWAY BL0CKAG.E 
(Minutes )  
FIGURE 1 7  




DURATION OF INCIDENT CONGESTION 
(Minutes) 
FIGURE 18 
CUMULATIVE DISTRIBUTION OF 
DURATION OF INCIDENT CONGESTION 
genera ted  conges t ion  which l a s t e d  f o r  an  hour or  more 
dur ing  which t i m e  ano the r  a c c i d e n t  took p l a c e  upstrea:m i n  
t h e  same subsystem. This  l a t t e r  a c c i d e n t ,  d e s p i t e  t h e  pre- 
v a i l i n g  poor s t a t e  of  t r a f f i c  o p e r a t i o n s ,  genera ted  a f u r t h e r  
d e t e c t a b l e  d i s r u p t i o n  i n  t r a f f i c .  
CAPACITY REDUCTION 
F i g u r e  19 compares t h e  average  volume downstream of 
a n  i n c i d e n t  d u r i n g  i t s  d u r a t i o n  w i t h  t h e  volume f o r  t h e  
t e n  minutes preceding t h e  i n c i d e n t .  Although downstream 
volume g e n e r a l l y  dec reased  over  t h a t  p r e v a i l i n g  b e f o r e  t h e  
i n c i d e n t ,  i n  seven c a s e s  volume a c t u a l l y  i n c r e a s e d  s l i g h t l y .  
S i x  of t h e  seven i n c i d e n t s  w i t h  i n c r e a s e d  daownstream flow 
were l o c a t e d  a t  t h e  upstream end of  Subsystem One. They were 
g e n e r a l l y  c h a r a c t e r i z e d  by c o n s i d e r a b l e  conges t ion ,  p a r t i -  
c u l a r l y  a t  t h e  downstream s t a t i o n .  I n  every  c a s e ,  t h e  
average  upstream demand b e f o r e  t h e  i n c i d e n t  occur red  exceeded 
t h e  f low o u t p u t  downstream d u r i n g  t h e  i n c i d e n t .  The c a p a c i t y  
r e d u c t i o n  appeared t o  have a  b e n e f i c i a l  e f f e c t  on o p e r a t i o n s  
downstream. Also c o n t r i b u t i n g  t o  a d d i t i o n a l  downstream flow 
could be  t h e  r e l a t i v e l y  h igh  e n t r a n c e  r a t e  a t  t h e  Seward 
ramp. En te r ing  t r a f f i c  would be u n a f f e c t e d  by t h e  above s i x  
i n c i d e n t s  and t h e  l e s s  congested f low s t a t e  e x i s t i n g  i n  most 
of  t h e  subsystem downstream of t h e  i n c i d e n t  would t end  t o  
i n c r e a s e  t h e  meter ing  r a t e  a t  Seward. The seven th  i n c i d e n t  
w i t h  i n c r e a s e d  flow downstream from t h e  i n c i d e n t  was one i n  
Subsystem Two wi th  very  a t y p i c a l  t r a f f i c  f low response  
c h a r a c t e r i s  t i c s .  
The average  p r e v a i l i n g  downstream volume b e f o r e  t h e  
i n c i d e n t  occur red  was 81.4 v e h i c l e s  p e r  minute which was 
reduced 21% t o  an  average  of 64.8 v e h i c l e s  p e r  minute d u r i n g  
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VOLUNE BEFORE INCIDENT (vehicles per minute) 
FIGURE 19 
EFFECT OF INCIDENTS ON DOWNSTREAM 
TRAFFIC VOLUME 
an i n c i d e n t .  This  average  d e c r e a s e  i s  l e s s  t h a n  t h e  4 0 %  
o r  more r e d u c t i o n  i n  c a p a c i t y  observed by o t h e r s  when one 
of  t h r e e  l a n e s  i s  c l o s e d  t o  through t r a f f i c  a t  some p o s i t i o n  
a long  a  freeway (11, 2 5 ) .  
There was c o n s i d e r a b l e  v a r i a b i l i t y  i n  t h e  e f f e c t s  of  
t h e  i n c i d e n t s  on f low a s  p l o t t e d  i n  F igure  1 9 ,  r ang ing  up 
t o  6 0 % .  For t h e  m a j o r i t y  of  i n c i d e n t s  t h e  d e c r e a s e  i n  f low 
dur ing  an i n c i d e n t  ranged from 1 0 %  t o  40%.  The p a t t e r n  was 
s i m i l a r  i n  a l l  t h r e e  subsystems a l though t h e r e  was a  tendency 
toward g r e a t e r  f low r e d u c t i o n s  i n  Subsystem Three. The 
i n c i d e n t s  of s h o r t e s t  d u r a t i o n ,  t h o s e  w i t h  f o u r  minutes  o r  
l e s s  of conges t ion ,  showed a comparable s c a t t e r ,  s o  conges- 
t i o n  d u r a t i o n  would n o t  appear  t o  be  r e l a t e d  t o  t h e  s e v e r i t y  
of t h e  f low r e d u c t i o n .  
These r e s u l t s  i n d i c a t e  t h a t  d e s p i t e  t h e  50 i n c i d e n t s  
be ing  s i m i l a r  i n  t h a t  a l l  b u t  one r e p r e s e n t e d  t h e  blockage 
of  one l a n e ,  t h e  downstream flow r e d u c t i o n  i s  u n p r e d i c t a b l e ,  
both  f o r  d i f f e r e n t  i n c i d e n t s  and dur ing  an  i n d i v i d u a l  i n c i -  
d e n t  ( s e e  F igure  8 ) .  This  has  r a m i f i c a t i o n s  f o r  t h e  r e a l -  
time adjus tment  of freeway s u r v e i l l a n c e  c o n t r o l  which w i l l  
be expanded upon i n  Chapter  Three and f o r  t h e  a p p l i c a b i l i t y  
of mathematical  queueing models. 
DETECTION MODEL PERFORMANCE 
The f i v e  T T I  and t h e  Modified C a l i f o r n i a  incident .  
d e t e c t i o n  models were t e s t e d  us ing t h e  50-incident dat.a s e t .  
Every inc iden t  b u t  one was de tec ted  by a t  l e a s t  one model, 
including a l l  of t h e  i nc iden t s  i n  t h e  two longes t  subsystems. 
According t o  t e l e v i s i o n  records ,  t h e  i nc iden t  t h a t  was not  
de tec ted  was an acc iden t  i n  t h e  shoulder l ane  of Subsystem 
Two with  an on-freeway du ra t ion  of only two minutes. Con- 
s i d e r a b l e  congestion was generated a t  t h e  upstream s t a t i o n  
( l a s t i n g  15 minutes)  bu t  downstream opera t ions  s h i f t e d  t o  
a  s l i g h t l y  higher  occupancy l e v e l  (from nine percen t  t o  13%) 
w i t h  no e f f e c t  on volume, poss ib ly  a  r e s u l t  of ramp metering 
r a t e  changes. 
INCIDENT DETECTION AND TIME LAG 
Taking t h e  time of onse t  of t he  f i r s t  no t iceab le  con- 
g e s t i o n  a s  t he  s t a r t  of t h e  i nc iden t ,  t h e  average time l a g  
f o r  t h e  f i r s t  d e t e c t i o n  of an inc iden t  by t h e  b e s t  model 
f o r  each i n c i d e n t  was 0.55 minute. This i n d i c a t e s  t h a t  
genera l ly  a t  l e a s t  one of t h e  s i x  models de tec ted  t h e  i n c i -  
den t  e i t h e r  a t  t he  onse t  of congestion o r  one minute l a t e r .  
Because t h e  a c t u a l  time an inc iden t  begins is  no t  known, no 
conclusions  a r e  poss ib l e  on t h e  a c t u a l  time l a g  u n t i l  detec- 
t i o n  o r  t h e  t i m e  it would take  the  shock waves t o  reach t h e  
upstream and downstream d e t e c t o r  s t a t i o n s .  Hence, t h e  above 
f i g u r e  of 0.55 minute i s  t aken  t o  r e p r e s e n t  a  s t a n d a r d  f o r  
t h e  e v a l u a t i o n  of  t h e  e f f e c t i v e n e s s  of i n d i v i d u a l  models 
i n  d e t e c t i n g  an i n c i d e n t  a f t e r  a t  l e a s t  one shock wave has  
passed a  d e t e c t o r  s t a t i o n .  
The d e t e c t i o n  performance of  t h e  f i v e  T T I  models and 
t h e  Modified C a l i f o r n i a  Model i s  i l l u s t r a t e d  i n  F igure  20. 
No model d e t e c t e d  a l l  50 i n c i d e n t s .  Performance v a r i e d  from 
45  d e t e c t e d  by t h e  S t a t i o n  D i s c o n t i n u i t y  Model t o  on ly  16 
f o r  t h e  Subsystem Shock Wave Model. These d i f f e r e n c e s  i n  
model performance were found t o  be  h i g h l y  s i g n i f i c a n t  by 
t h e  Chi-square t e s t  ( a  = . 0 5 ) .  Large d i f f e r e n c e s  i n  de tec-  
t i o n  c a p a b i l i t y ,  s e p a r a t i n g  t h e  two b e s t  models from t h e  
o t h e r s ,  a r e  ve ry  apparen t .  The S t a t i o n  D i s c o n t i n u i t y  Model 
i s  s i g n i f i c a n t l y  b e t t e r  than  a l l  o t h e r  models and t h e  Sub- 
system D i s c o n t i n u i t y  Model is  s i g n i f i c a n t l y  b e t t e r  than  t h e  
t h r e e  models w i t h  i n c i d e n t  d e t e c t i o n s  rang ing  from 52 t o  
58%.  The Subsystem Shock Wave Model i s  s i g n i f i c a n t l y  poorer  
than  t h o s e  t h r e e  models. 
Average t imes  t o  t h e  f i r s t  d e t e c t i o n  s i g n a l  a r e  a l s o  
d e p i c t e d  i n  F igure  2 0 .  The Modified C a l i f o r n i a  Model per-  
formed t h e  b e s t  w i t h  an average  time l a g  of  0.96 minute a s  
compared t o  t h e  op t ima l  f i g u r e  of  0 .55  minutes.  The t i m e  
l a g  i s  f o r  t h e  f i r s t  d e t e c t i o n  and does n o t  i n c l u d e  t h e  
recommended second minute conf i rmat ion .  The most suc ,cess fu l  
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average  d e t e c t i o n  time l a g  f o r  a  T T I  model was recorded by 
t h e  S t a t i o n    is continuity Model, a  v a l u e  o f  2 . 0 7  minutes.  
The l e a s t  s u c c e s s f u l  performance was 5.83 minutes by t h e  
Subsystem Energy blodel. The 1.11 minute d i f f e r e n c e  between 
t h e  averaqe  t ime Lags f o r  t h e  Modified C a l i f o r n i a  and 
S t a t i o n   isc continuity Model was no t  s t a t i s t i c a l l y  s i g n i f i -  
c a n t  a t  t h e  f i v e  p e r c e n t  l e v e l  w i t h  t h i s  sample s i z e .  
A s  s een  i n  F i g u r e  20, t h e  C a l i f o r n i a  Model sample 
s t a n d a r d  d e v i a t i o n  of 1.31 minutes was l e s s  than  t h a t  of any 
of t h e  T T I  models o r  t h e  r e c o r d  of e a r l i e s t  d e t e c t i o n s  by 
any model ( 0  = 2 . 0 6 ) .  This  has  i m p l i c a t i o n s  f o r  t h e  response  
t o  i n c i d e n t s  by a s u r v e i l l a n c e  system. Among t h e  b e t t e r  
models t h o s e  wi th  t h e  lowest  v a r i a n c e  can more e f f e c t i v e l y  
be i n t e g r a t e d  i n t o  a  response  s t r a t e g y  t h a t  i n c l u d e s ,  f o r  
example, ramp meter ing  changes. 
Histograms showing i n d i v i d u a l  i n c i d e n t  d e t e c t i o n  t imes  
a r e  p resen ted  i n  F igure  2 1 .  The m a j o r i t y  of d e t e c t i o n s  
took p l a c e  t h e  minute of o n s e t  o r  t h e  n e x t  minute.  The 
2 .07  minute mean fo r  t h e  S t a t i o n  D i s c o n t i n u i t y  Model i s  
accounted f o r  most ly by two d e t e c t i o n  times exceeding t e n  
minutes.  
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Detec t ions  t h a t  t a k e  p l a c e  some t e n  minutes a f t e r  t h e  
f i r s t  n o t i c e a b l e  conges t ion  and f r e q u e n t l y  a f t e r  t h e  i n c i -  
d e n t  has  been c l e a r e d  away accord ing  t o  t e l e v i s i o n  r e c o r d s  
a r e  n o t  v e r y  u s e f u l .  I t  w i l l  be r e c a l l e d  t h a t  d e t e c t i o n  
was s a i d  t o  have taken p l a c e  i f  i t  occur red  any t ime d u r i n g  
t h e  p e r i o d  of incident-generat .ed conges t ion ,  This  i n c r e a s e d  
t h e  time l a g  f o r  t h e  Subsystem Shock Wave Model which, i f  
i t  f a i l e d  t o  d e t e c t  t h e  i n i t i a l  shock wave, o c c a s i o n a l l y  
d e t e c t e d  t h e  recovery  wave i n s t e a d .  The Subsystem Energy 
Model, however, was e v i d e n t l y  o f t e n  j u s t  slow t o  g e n e r a t e  
a  s i g n a l .  
Another p e r s p e c t i v e  on t h e  r e l a t i v e  e f f e c t i v e n e s s  o f  
t h e  models i s  g iven by t h e  cumula t ive  d i s t r i b u t i o n s  of  t h e  
t imes  t o  d e t e c t i o n  p r e s e n t e d  i n  F igure  22 .  The d i s t r i b u t i o n s  
commence a t  t h e  end of t h e  second minute f o r  c l a r i t y  of 
p r e s e n t a t i o n .  S ince  d e t e c t i o n  w i t h i n  t h e  f i r s t  two minutes 
of t h e  o n s e t  of  conges t ion  i s  t h e  most d e s i r a b l e  performance, 
t h e  r e l a t i v e  p o s i t i o n  o f  t h e  models a t  t h a t  p o i n t  i n  time 
i s  ano the r  u s e f u l  comparison. The e f f e c t i v e n e s s  of  t h e  
Modified C a l i f o r n i a  Model i n  t h e s e  e a r l y  minutes  i s  c o n t r a s t e d  
w i t h  i t s  mediocre o v e r a l l  e f f e c t i v e n e s s .  The o t h e r  models 
con t inue  t o  s i g n a l  d e t e c t i o n s  a s  l a t e  a s  24 minutes a f t e r  
t h e  o n s e t  of conges t ion .  The S t a t i o n  Energy Model i s  seen  
t o  be s u p e r i o r  t o  t h e  Subsystem Energy Model d e s p i t e  t h e  fewer 
t o t a l  d e t e c t i o n s  because of i t s  markedly b e t t e r  performance 
i n  t h e  e a r l y  minutes of conges t ion .  
1 3 6  
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CUMULATIVE DISTRIBUTIONS OF MODEL 
DETECTION TIMES 
With t h i s  p a t t e r n  t h e r e  was a  tendency f o r  t h e  s i x  
d e t e c t i o n  models t o  be more e f f e c t i v e  i n  f i n d i n g  t h o s e  
i n c i d e n t s  wi th  longer  d u r a t i o n s  of  on-freeway conges t ion .  
The t r e n d  f o r  d e t e c t i o n  of i n c i d e n t s  wi th  longer  d u r a t i o n s  
i s  e v i d e n t  from t h e  d a t a  p resen ted  i n  Table 5. 
TABLE 5 
CONGESTION DURATION EFFECT ON 
I N C I D E N T  DETECTION RATES 
Congestion Durat ion  
Five  Minutes o r  Less:  
I N C I D E N T  DURATION  
Congestion Durat ion  
S i x  Minutes Through 
Ten Minutes: 
PERCENTAGE OF INCIDENTS 
DETECTED (ALL MODELS) 
Congestion Durat ion  
Grea te r  Than Ten Minutes: 
The one unde tec ted  i n c i d e n t  had a d u r a t i o n  of conges t ion  
of  1 4  minutes.  
The e f f e c t i v e n e s s  of t h e s e  models i n  d e t e c t i n g  t h o s e  
i n c i d e n t s  w i t h  l e a s t  demand i n  t h e  form of p r e v a i l i n g  occu- 
panc ies  b e f o r e  t h e  i n c i d e n t s  of 1 2 %  o r  less was a l s o  i n v e s t i -  
g a t e d ,  There were 1 4  i n c i d e n t s  i n  t h i s  ca tegory .  A l l  were 
d e t e c t e d  t h e  minute of o n s e t  of  conges t ion  o r  t h e  minute a f t e r  
by one o r  more models. I t  was concluded t h a t  t h e  range  of  
model e f f e c t i v e n e s s  ex tends  t o  occupancies of n i n e  p e r c e n t .  
COMPARISON BY SUBSYSTEM 
Addi t iona l  d i f f e r e n c e s  i n  model performance among t h e  
t h r e e  subsystems were explored .  The r e s u l t s  of  d e t e c t i o n  
c a p a b i l i t y  a r e  shown i n  Table 6 .  
TABLE 6  
DETECTION MODEL PERFORMANCE 







1. S t a t i o n  D i s c o n t i n u i t y  
2. Subsystem D i s c o n t i n u i t y  
3. Subsystem Energy 
4. S t a t i o n  Energy 







NUMBER OF SUCCESSFUL DETECTIONS 




( 1 0 0 )  
7  




( 2 3 . 1 )  
7  
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1 3  
( 8 1 . 3 )  
2  6  
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1 * 
2  5  
(96 .3 )  
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1 6  
14 
( 8 7 . 5 )  
4  5  
( 9 0 )  
4 
15  
(57 .8 )  
4 
( 5 0 )  
2  
17 
(65 .4 )  
7  
(87 .5 )  
9 
(56 .3 )  
28 
( 5 6 )  
3  
1 2  
(46.2)  
5  
(62 .5 )  
13 
( 8 1 . 3 )  
3  7  
( 7 4 )  
1 2  
( 7 5 )  
2  9 
( 5 8 )  
T r e a t i n g  t h e  e n t i r e  se t  o f  models a s  a  j o i n t  model d i d  
n o t  r e v e a l  any subsystem d i f f e r e n c e s  s i n c e  on ly  one of t h e  
50 i n c i d e n t s  was n o t  d e t e c t e d  by any model. Combining t h e  
i n d i v i d u a l  e f f e c t s  of a l l  s i x  models,  t h e  fo l lowing  t a b u l a t i o n  
was made: 
PERCENT 
SUBSYSTEM INCIDENTS DETECTED 
This  d i f f e r e n c e  in d e t e c t i o n  was t e s t e d  by t h e  Chi-square 
goodness -o f - f i t  t e s t  and was found t o  be h i g h l y  s i g n i f i c a n t  
w i t h  t h e  g r e a t e s t  o v e r a l l  d e t e c t i o n  c a p a b i l i t y  recorded i n  
t h e  long,  northernmost  subsystem (Subsystem Three)  and t h e  
l e a s t  e f f e c t i v e  performance i n  t h e  e q u a l l y  lorig subsystem 
a t  t h e  southernmost  end of t h e  system (Subsystem One).  
The f o u r  subsystem models,  i n c l u d i n g  t h e  Modified 
C a l i f o r n i a  Model, were n e x t  compared a s  a  group w i t h  t h e  
performance of t h e  two s t a t i o n  d a t a  models, No s i g n i f i c a n t  
d i f f e r e n c e  was found i n  subsystem model performance ve r su s  
s t a t i o n  model performance i n  e i t h e r  Subsystems Two o r  Three. 
However, t he re  was a h i g h l y  s i g n i f i c a n t  d i f f e r e n c e  i n  Sub- 
system One, where s t a t i o n  model performance was markedly 
b e t t e r  t h a n  subsystem model performance. I n s p e c t i o n  of t h e  
d a t a  p r e s e n t e d  i n  Table  6 r e v e a l e d  t h a t  b o t h  s t a t i o n  models 
performed t h e  same o r  s l i g h t l y  b e t t e r  i n  Subsystem One t h a n  
i n  Subsystem Three,  w h i l e  t h e  subsystem models a l l  per-  
formed d i s t i n c t l y  poore r  i n  Subsystem One a s  compared t o  
Subsystem Three, p a r t i c u l a r l y  t h e  C a l i f o r n i a  Model. 
The n e t  e f f e c t  of t h i s  a n a l y s i s  i s  t o  i s o l a t e  i n d i v i d u a l  
s t a t i o n  c h a r a c t e r i s t i c s  a s  a  p o t e n t i a l  de termining f a c t o r .  
R e f e r r i n g  t o  F igure  7 ,  t h e  geometr ic  d i f f e r e n c e s  found i n  
t h e  s t a t i o n s  c o n s i s t  of freeway a l ignment ,  t h e  number o f  
l a n e s ,  and t h e  l o c a t i o n  of  ramps r e l a t i v e  t o  t h e  s t a t . i o n s .  
Flow c h a r a c t e r i s t i c s  a r e  d i f f e r e n t  a t  each s t a t i o n ,  a~nd t h i s  
was t aken  i n t o  c o n s i d e r a t i o n  i n  t h e  fo rmula t ion  of t h ~ e  
models. These d i f f e r e n c e s  may a d v e r s e l y  e f f e c t  subsystem 
model performance where t h e  l i n k i n g  of two s t o c h a s t i c :  
s t a t i o n  d a t a  on s t r eams  (upstream and downstream) i n t r o d u c e s  
f u r t h e r  v a r i a b i l i t y  which would t end  t o  obscure  t h e  e f f e c t s  
of  an  i n c i d e n t .  S ince  t h e  on ly  adverse  e f f e c t  was noted i n  
Subsystem One, t h e  a d d i t i o n a l  l a n e  a t  t h e  Seward s t a t i o n  
appears  t o  be  t h e  s i g n i f i c a n t  geometr ic  d i s c o n t i n u i t y .  The 
r e g i o n  downstream of  t h e  f o u r t h  l a n e  drop ( F i g u r e  7) near  
t h e  Chicago s t a t i o n  was observed by TTI  t o  be  a  t r a f f i c  
b o t t l e n e c k  ( 1 0 ) .  I t  i s  p o s s i b l e  t h a t  t h e  p resence  o f  a  
geometr ic  d i s c o n t i n u i t y  such a s  t h i s  r e n d e r s  t h e  subsystem 
models less s e n s i t i v e  t o  i n c i d e n t s .  
R e f e r r i n g  t o  t h e  columns of Table 6 ,  an a n a l y s i s  of  
t h e  r e l a t i v e  e f f e c t i v e n e s s  of  each model i n  each of  t h e  t h r e e  
subsystems was then  made. When a p p r o p r i a t e ,  Chi-square 
t e s t s  ( n o t  shown) were made. 
The Modified C a l i f o r n i a  Model responded ve ry  d i f f e r e n t l y  
t o  i n c i d e n t s  i n  each of  t h e  t h r e e  subsystems. While t h e  
average o v e r a l l  d e t e c t i o n  c a p a b i l i t y  was 5 2 % ,  more than  80% 
were d e t e c t e d  i n  Subsystems Two and Three and on ly  23% i n  
Subsystem One, a  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e .  
The S t a t i o n  D i s c o n t i n u i t y  Model, t h e  most e f f e c t i v e  
s i n g l e  d e t e c t i o n  model, d i d  w e l l  on a l l  subsystems a l though 
t h e r e  i s  a  s l i g h t  b u t  riot s t a t i s t i c a l l y  s i g n i f i c a n t  pro- 
b a b i l i t y  t h a t  it does n o t  perform a s  w e l l  on t h e  s h o r t  
Subsystem Two a s  on t h e  longer  subsystems.  On t h e  o t h e r  
hand, t h e r e  i s  a  s m a l l  i n d i c a t i o n  t h a t  t h e  second b e s t  model, 
t h e  Subsystem D i s c o n t i n u i t y  Model, may perform b e t t e r  on 
s h o r t  subsystems and l e s s  e f f e c t i v e l y  on longer  subsystems 
such a s  Subsystem One wi th  i t s  l a n e  d i s c o n t i n u i t y .  
The Subsystem Energy Model performed weakly i n  Subsystem 
One ( s i g n i f i c a n t  a t  a = . l o ) .  The S t a t i o n  Energy Model 
d i s p l a y e d  no d i f f e r e n c e s  among t h e  t h r e e  suhsystems. The 
Subsystem Shock Wave Model d i d  very  poor ly  on t h e  s h o r t  
subsystem ( s i g n i f i c a n t  a t  a = " 0 5 ) .  None of  t h e  e i g h t  
i n c i d e n t s  i n  Subsystem Two were d e t e c t e d  by t h i s  model. 
Because t h i s  i s  t h e  s h o r t e s t  subsystem, perhaps t h e  l e n q t h  
might b e  a  f a c t o r .  Chapter One exp la ined  t h a t  changes i n  
v e h i c l e  s t o r a g e  dur ing  an i n c i d e n t  come about  through 
inc reased  numbers of v e h i c l e s  i n  t h e  dense conges t ion  up- 
s t ream,  o r  decreased numbers downstream. I n  Subsystem Two 
t h e r e  e v i d e n t l y  was n o t  enough d i s t a n c e  f o r  t h e  presence o r  
l a c k  of conges t ion  downstream t o  cause  a s i g n i f i c a n t  change 
i n  s t o r a g e .  S to rage  change t h r e s h o l d s  were t o o  high b e ~ a u s e  
they took i n t o  account  t r a f f i c  v a r i a b i l i t y  i n  t h e  form of 
p la toon ing ,  which would be more s i g n i f i c a n t  f o r  s h o r t  sub- 
systems than  f o r  long ones.  
I n  g e n e r a l ,  excep t  f o r  t h e  Subsystem Shock Wave Model, 
i t  was no t  p o s s i b l e  t o  no te  any c o n s i s t e n t  performance 
d i f f e r e n c e s  a t t r i b u t a b l e  t o  subsystem leng th .  The l a n e  
d i s c o n t i n u i t y  a t  Seward appeared t o  account  f o r  t h e  poorer  
subsystem model performances i n  Subsystem One. 
I n  another  a t t empt  t o  determine i f  subsystem l e n g t h  was 
a  f a c t o r  i n  t h e  d e t e c t i o n  of i n c i d e n t s ,  t h e  l o c a t i o n  of i n c i -  
d e n t s  w i t h i n  t h e  subsystem was i n v e s t i g a t e d .  Data f o r  t h e  
s tudy  was ga the red  through t h e  t e l e v i s i o n  s u r v e i l l a n c e  system. 
Five  t e l e v i s i o n  cameras were r e q u i r e d  t o  survey Subsystem 
One, and t h r e e  were r e q u i r e d  i n  Subsystem Three. T e l e v i s i o n  
r e c o r d s  a l s o  no te  whether i n c i d e n t s  occurred  w i t h i n  t h e  normal 
range o f  each camera o r  f a r  down range r e q u i r i n g  t h e  use  of 
a t e l e p h o t o  l e n s  by t h e  t e l e v i s i o n  observex .  Hence, i n c i -  
d e n t s  cou ld  b e  l o c a t e d  by t h e  t e l e v i s i o n  cameras a t  t e n  
approximate  p o s i t i o n s  i n  Subsystem One and s i x  i n  Subsystem 
Three.  These p o s i t i o n s  and t h e  blocked l a n e  f o r  each  
i n c i d e n t  a r e  d e p i c t e d  i n  F i g u r e s  23 and 24  f o r  Subsystems 
One and Three r e s p e c t i v e l y .  S i n c e  subsystem Two was covered 
by on ly  one camera, d a t a  f o r  an  a n a l y s i s  of  t h i s  t y p e  were 
n o t  a v a i l a b l e .  
Based on t h i s  s p a t i a l  d i s t r i b u t i o n  o f  s u c c e s s f u l  de t ec -  
t i o n s  f o r  each  model, it does n o t  appear  a s  i f  p rox imi ty  
t o  a  d e t e c t o r  s t a t i o n  is  a  f a c t o r  i n  t h e  a b i l i t y  o f  t h e  models 
t o  d e t e c t  i n c i d e n t s .  Two p o s s i b l e  e x c e p t i o n s  might  be t h e  
u s e  of  t h e  Subsystem D i s c o n t i n u i t y  and S t a t i o n  Energy Models 
i n  Subsystem One, where t h e  g r e a t e r  p r o p o r t i o n  o f  d e t e c t i o n s  
were i n  t h e  c e n t e r  of t h e  subsystem.  .Though most of  t h e  
i n c i d e n t s  took p l a c e  i n  t h e  median l a n e ,  t h e  l a n e  of  
occu r rence  seems t o  b e  an  i n s i g n i f i c a n t  f a c t o r  in d e t e c t i o n  
f o r  t h e s e  models.  
F i g u r e s  23 and 2 4  a l s o  demons t ra te  an i m p o r t a n t  a s p e c t  
of  i n c i d e n t  d e t e c t i o n  f o r  t h e  two s t a t i o n  models,  S t a t i o n  
Energy and S t a t i o n  D i s c o n t i n u i t y .  S p a t i a l  p rox imi ty  w i t h i n  
t h e  bounds of t h e s e  subsystems may n o t  be a f a c t o r  i n  de t ec -  
t i o n ,  b u t  t h e  problem s t i l l  a r i s e s  whether  t h e  d e t e c t i o n  
s i g n a l  a t  a  s t a t i o n  i n d i c a t e s  an i n c i d e n t  upstream o r  down- 
s t r eam o f  t h e  s t a t i o n .  The f i g u r e s  i n d i c a t e  t h a t  i n  t h e  c a s e  
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SPATIAL DISTRIBUTION OF 
INCIDENT DETECTIONS (SUBSYSTEM ONE) 
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FIGURE 24 
SPATIAL DISTRIBUTION OF 
INCIDENT DETECTIONS (SUBSYSTEM THREE) 
of t h e  S t a t i o n  Energy Model, t h e  i n c i d e n t s  a r e  downstream 
of t h e  s t a t i o n  f o r  bo th  subsystems. This  i s  expected s i n c e  
t h i s  model d e t e c t s  t h e  conges t ion  t h a t  occurs  upstream of 
t h e  i n c i d e n t .  The S t a t i o n  D i s c o n t i n u i t y  Model, however, 
does n o t  p i n p o i n t  t h e  l o c a t i o n  of  t h e  i n c i d e n t  a s  well. I n  
most c a s e s  t h e  i n c i d e n t  w i l l  be downstream, b u t  i n  a few 
c a s e s ,  i n  bo th  subsystems, thle i n c i d e n t  i s  f a i r l y  c l o s e  
upstream. I t  i s  noted t h a t  m~any S t a t i o n  Discon t inu i ty  
d e t e c t i o n s  were a t  both  s ta t i lons  encompassing t h e  subsystem. 
Upstream d e t e c t i o n s  r e s u l t e d  because t h e  blocked l a n e  con- 
t a i n e d  stopped v e h i c l e s  o r  s lower moving v e h i c l e s  than  i n  
t h e  o t h e r  l a n e s .  Downstream it  was presumed t h a t  t h e  blocked 
l a n e s  conta ined d i s p r o p o r t i o n a t e l y  few v e h i c l e s  and a l l  l a n e s  
were moving f r e e l y .  I n  Subsystem Two one of t h e  s i x  i n c i -  
d e n t s  d e t e c t e d  by t h i s  model was upstream of  t h e  s t a t i o n ,  t h e  
o t h e r s  were downstream. 
Table 7 p r e s e n t s  t h e  average time t o  i n i t i a l  d e t e c t i o n  
of an i n c i d e n t  f o r  t h e  t h r e e  subsystems. I t  can be seen  
t h a t  t h e  average  d u r a t i o n  of t h e  i n c i d e n t s  i n  t h e  t h r e e  sub- 
systems a s  recorded by t e l e v i s i o n  and automat ic  s e n s i n g  
systems a r e  s i m i l a r .  
TABLE 7 
AVERAGE TIME TO FIRST DETECTION 
*Numbers r e f e r  t o  Models as f o l 1 . 0 ~ ~ :  
1, S t a t i o n  D i s c o n t i n u i t y  
2 .  Subsystem D i s c o n t i n u i t y  
3. Subsystem Energy 
4 .  S t a t i o n  Energy 
5. Subsystem Shock Wave 
**No s u c c e s s f u l  d e t e c t i o n s  
Refer r ing  t o  F igure  2 1 ,  where i n d i v i d u a l  d e t e c t i o n  t imes 
i n  s e p a r a t e  subsystems a r e  shown, it can be  seen  t h a t  t h e  
average  time t o  f i r s t  d e t e c t i o n  by t h e  b e s t  j o i n t  model 
is  s i m i l a r  f o r  a l l  t h r e e  subsec:tions when t h e  s u b s t a n t i a l  
e f f e c t  of  t h e  one Subsystem One i n c i d e n t  t h a t  took 15  minutes 
t o  d e t e c t  i s  cons idered .  This  one i n c i d e n t  e x p l a i n s  most 
of t h e  d i f f e r e n c e s  among t h e  averages shown i n  Table 7 .  
A d e t a i l e d  s tudy was made of t h e  d e t e c t i o n  time d i s t r i -  
b u t i o n  i n  t h e  t h r e e  subsystems f o r  t h e  t h r e e  f a s t e s t  respon- 
d ing  models, t h e  Modified C a l i f o r n i a ,  S t a t i o n  D i s c o n t i n u i t y ,  
and Subsystem D i s c o n t i n u i t y  Models. I t  was found t h a t  
t h e r e  were no s t a t i s t i c a l l y  s i , g n i f i c a n t  d i f f e r e n c e s  i n  average 
d e t e c t i o n  t imes  ( a n a l y s i s  of v a r i a n c e )  o r  i n  t h e  d i s t r i b u t i o n  
of d e t e c t i o n  t imes (Smirnov t e s t ) .  The average d e t e c t i o n  
t imes d i f f e r e d  l e s s  than  one minute and d i f f e r e n c e s  of  t h i s  
o r d e r  g e n e r a l l y  would n o t  be impor tant .  
There was a l s o  no i d e n t i f i a b l e  d i f f e r e n t i a l  d e t e c t i o n  
t ime response  among t h e s e  t h r e e  models i n  t h e  t h r e e  sub- 
systems a f t e r  it was noted t h a ~ t  t h e  S t a t i o n  D i s c o n t i n u i t y  
Model had two l a r g e ,  unexpla inable  d e t e c t i o n  times i n  
Subsystem Two. 
FALSE ALARMS 
I t  was d e s i r a b l e  t h a t  t h e  f e a s i b i l i t y  of reducing t h e  
f a l s e  alarm r a t e  be  f u r t h e r  explored .  One p e r c e n t  t h r e s h o l d s  
f o r  d e t e c t i o n  were employed by T T I  ( 1 0 )  and cont inued i n  t h i s  
r e s e a r c h  on a  t e n t a t i v e  b a s i s .  
Example i n c i d e n t - f r e e  cumulat ive d i s t r i b u t i o n s  of t h e  
v a r i a b l e s  f o r  t h e  S t a t i o n  D i s c o n t i n u i t y  and S t a t i o n  Energy 
Models were compiled and a r e  p resen ted  i n  Appendix C, 
Figures  C - 1  and C-2. I n  a d d i t i o n ,  cumulat ive d i s t r i b u t i o n s  
f o r  t h e  s i g n a l  v a l u e s  f o r  each s u c c e s s f u l  d e t e c t i o n  by model 
a t  t h e  Seward and C a l v e r t  s t a t i o n s  and t h e  lowest  v a l u e s  
when an  i n c i d e n t  was n o t  d e t e c t e d  a r e  p resen ted  i n  t h e s e  
f i g u r e s .  
For both  models t h e  i n c i d e n t  curves  a r e  d i s t i n c t l y  
d i f f e r e n t  from t h e  i n c i d e n t - f r e e  o p e r a t i o n s  curves .  I n  
n e i t h e r  c a s e ,  however, do t h e  i n c i d e n t  curves  extend over  a  
s e p a r a t e  and d i s t i n c t  range of parameter va lues .  This  i s  
p a r t i c u l a r l y  t r u e  of t h e  S t a t i o n  Energy Model, where n e a r l y  
every s i g n a l  v a l u e  can be found w i t h i n  t h e  range of  normal 
o p e r a t i o n s .  The curves  i n d i c a t e  t h a t  t o  d e t e c t  every i n c i -  
d e n t  wi th  t h e  S t a t i o n  Energy Model t h e  t h r e s h o l d  l e v e l s  would 
have t o  be r a i s e d  t o  t h e  f i v e  p e r c e n t  f a l s e  a larm l e v e l  a t  
Seward and t e n  p e r c e n t  a t  C a l v e r t .  The one p e r c e n t  th resho ld  
l e v e l  could n o t  be reduced wi thou t  d r a s t i c a l l y  lowering t h e  
e f f e c t i v e n e s s  of t h e  model. These obse rva t ions  confirm t h e  
i n t u i t i v e  no t ion  t h a t  k i n e t i c  energy f l u c t u a t i o n s  a r e  n o t  
s p e c i f i c  t o  capaci ty- reducing i n c i d e n t s .  There a r e ,  however, 
low S t a t i o n   isc continuity Model v a r i a b l e  v a l u e s  which s i g n a l  
an i n c i d e n t  t h a t  a r e  seldom observed i n  normal t r a f f i c  
o p e r a t i o n s .  Th i s ,  p l u s  t h e  s i g n i f i c a n t l y  b e t t e r  performance 
of t h e  S t a t i o n   isc continuity Model, i n d i c a t e  t h a t  t h e  former 
model i s  more s p e c i f i c  t o  i n c i d e n t s  than  i s  t h e  S t a t i o n  
Energy Model. It i s  e v i d e n t ,  however, from Figure  C . 2  t h a t  
t h e  one p e r c e n t  th resho ld  a l s o  cannot  be lowered f o r  t h e  
S t a t i o n  Discon t inu i ty  Model wi thout  s w i f t l y  lowering 
performance. 
The e f f e c t i v e n e s s  of t h e  S t a t i o n  and Subsystem D i . s -  
c o n t i n u i t y  Models, t h e  two b e s t  T T I  models, i n  d is t ingiu ishing 
capaci ty- reducing i n c i d e n t  s i t u a t i o n s  from r e g u l a r  t r a f f i c  
o p e r a t i o n s  can be  i n f e r r e d  from t h e  cumulative d i s t r i b u t i o n s  
of  t h e  r e s p e c t i v e  v a r i a b l e s  dur ing  congested o p e r a t i o n s  
known t o  be caused by i n c i d e n t s .  I n  Figure  25 d a t a  fo r  2 4 2  
minutes of congested o p e r a t i o n  a t  Seward genera ted  by t h e  
26 downstream i n c i d e n t s  i n  Subsystem One a r e  p resen ted  i n  
cumulat ive form. Cumulative p e r c e n t i l e s  f o r  t h e s e  v a r i a b l e s  
under "non-incident"  c o n d i t i o n s  ofi e i g h t  days a r e  a l s o  
inc luded i n  t h e  graphs .  
Incident-Free 
STATION DISCOXTINUITY VARIABLE 
( ~ i m e n s i o n l e s s )  
Incidents in 
Subs y s tern One 
SUBSYSTEM D I S C O P J T I N U I T Y  VARIABLE 
(Dimensionless) 
F I G U R E  2 5  
D I S T R I B U T I O N S  O F  TWO DISCONTINUITY MODEL VARIABLES 
DURING INCIDENT AND I N C I D E N T - F R E E  OPERATION 
A high  l e v e l  of  d e t e c t i o n  performance wi th  few fallse 
alarms is f a c i l i t a t e d  i f  t h e  d i s t r i b u t i o n  of t h e  d e t e c t i o n  
v a r i a b l e  i n  response  t o  a n  i n c i d e n t  extends over  a  :range of  
v a l u e s  d i s t i n c t  from i n c i d e n t - f r e e  v a r i a b l e  d i s t r i b u t i o n s .  
For t h e  S t a t i o n  Discon t inu i ty  Model, comparison of t h e  
i n c i d e n t - f r e e  d i s t r i b u t i o n  wi th  t h e  i n c i d e n t  conges t ion  
d i s t r i b u t i o n  demonstrates  t h a t  whi le  low v a l u e s  of  t h e  
v a r i a b l e  occur much more f r e q u e n t l y  dur ing  an i n c i d e n t  than 
i n  r e g u l a r  o p e r a t i o n s ,  they a r e  n o t  observed exc lus ive ly .  
Rather than  ranging over  a  d i f f e r e n t  s e t  of v a r i a b l e  va lues  
t h e  d i s t r i b u t i o n  curve dur ing  i n c i d e n t s  i s  merely s h i f t e d  
toward t h e  lower va lues  of  t h e  v a r i a b l e  w i t h  some i n c r e a s e  
i n  va r i ance .  The only  except ions  t o  t h i s  a r e  extremely low 
v a r i a b l e  va lues  a s  i n d i c a t e d  i n  Appendix Table C-6. Depending 
on t h e  s t a t i o n  and weather c o n d i t i o n s ,  t h e  lowest  va lue  
observed dur ing  i n c i d e n t - f r e e  opera t ions  ranged from 0.00t 
t o  0.19. During i n c i d e n t s ,  however, v a r i a b l e  va lues  of zero 
were occas iona l ly  recorded,  and it was noted i n  Chapter One 
t h a t  zero was never observed i n  t h e  set  of normal obse rva t ions .  
I n  c o n t r a s t ,  t h e  i n c i d e n t  conges t ion  d i s t r i b u t i o n  f o r  
t h e  Subsystem Discon t inu i ty  Model extends over  a  d i f f e r e n t ,  
a l though s t i l l  cons iderably  overlapped,  range a s  t h e  inc iden t -  
f r e e  d i s t r i b u t i o n  i n  Subsystem One. I n  p a r t i c u l a r ,  tlaere 
were a  number of  v a r i a b l e  v a l u e s  g r e a t e r  than  t h e  maximum 
of 1.18 observed f o r  i n c i d e n t - f r e e  o p e r a t i o n s  i n  Subsystem 
One. Values a s  h igh  a s  1 .89 were observed,  i n d i c a t i n g  t h e  
apparen t  s e v e r i t y  of  some f low d i s c o n t i n u i t i e s  dur ing  i n c i -  
d e n t s .  This  was a l s o  noted ,  b u t  t o  a  l e s s e r  e x t e n t ,  i n  t h e  
o t h e r  two subsys tems (Appendix Table C-9)  . 
I n  F igure  25 i t  i s  seen  t h a t  t h e  Subsystem D i s c o n t i n u i t y  
d e t e c t i o n  t h r e s h o l d  i s  exceeded over  4 0 %  of  t h e  t ime dur ing  
an  i n c i d e n t  a s  compared t o  25% f o r  t h e  S t a t i o n  D i s c o n t i n u i t y  
t h r e s h o l d .  The reason  f o r  t h i s  i s  t h a t  f o r  i n c i d e n t s  of 
d u r a t i o n s  g r e a t e r  than  about  f o u r  minutes ,  l a r g e  v a r i a b l e  
s h i f t s  were f r e q u e n t l y  observed i n  s u c c e s s i v e  minutes f o r  
much of t h e  conges t ion  i n t e r v a l .  A good example of t h i s  
i s  shown i n  t h e  t ime p l o t s  of  T T I  model performance a l r e a d y  
p resen ted  i n  F igure  13 i n  Chapter  One. The S t a t i o n  D i s -  
c o n t i n u i t y  Model e x h i b i t e d  t h i s  tendency t o  a l e s s e r  e x t e n t .  
Thus s e r i a l  c o r r e l a t i o n  i s  evidenced i n  t h e  Subsystem 
D i s c o n t i n u i t y  Model f o r  i n c i d e n t s  of  longer  d u r a t i o n  and 
g r e a t e r  impact on t r a f f i c  o p e r a t i o n s .  I t  would n o t  appear ,  
however, t h a t  t h i s  c h a r a c t e r i s t i c  can be used advantageously 
i n  i n c i d e n t  d e t e c t i o n  a s  t h e  o b j e c t i v e  i s  t h e  d e t e c t i o n  of  
a s  many i n c i d e n t s  a s  p o s s i b l e .  This  n e c e s s a r i l y  i n c l u d e s  
those  i n c i d e n t s  t h a t  t h e  model d e t e c t s  on ly  once o r  n o t  a t  
a l l .  
I n  conclus ion  it appears  t h a t  t h e  one p e r c e n t  th resho ld  
l e v e l  and hence t h e  f a l s e  alarm r a t e  can on ly  be  lowered 
by dec reas ing  the d e t e c t i o n  c a p a b i l i t y  of t h e  i n d i v i d u a l  
models. S ince  one model d i d  ach ieve  a  90% l e v e l  of success-  
f u l  d e t e c t i o n s ,  t h e r e  may be  l i t t l e  merit i n  r a i s i n g  t h e  
t h r e s h o l d  f u r t h e r .  A more p roduc t ive  means f o r  reducing f a l s e  
a larms,  i f  t h i s  i s  cons idered  necessary  f o r  an o p e r a t i o n a l  
scheme, would seem t o  l i e  wi th  f u r t h e r  model ref inements .  
Some s e r i a l  c o r r e l a t i o n  i s  p r e s e n t  i n  t h e  v a r i a b l e s  of some 
models, inc lud ing  t h e  Subsystem Discon t inu i ty  Model, which 
i n d i c a t e s  t h a t  f a l s e  alarms a r e  a l s o  somewhat time dependent. 
During t h e  compi la t ion  of t h e  frequency d i s t r i b u t i o n  curves  
f o r  t h e  i n c i d e n t - f r e e  d a t a  i t  was noted t h a t  t h e  o v e r a l l  one 
p e r c e n t  t h r e s h o l d s  would seldom, i f  e v e r ,  be reached on 
c e r t a i n  days,  and on o t h e r  days be exceeded much more than  
one p e r c e n t  of t h e  time. Since t h e s e  predetermined tlhreshold 
va lues  s t r a y  from t h e  one p e r c e n t  f a l s e  alarm l e v e l  on a 
d a i l y  b a s i s  and most probably dur ing  t h e  day, one p o s s i b l e  
ref inement  t o  t h e s e  models may be  t o  use  f l e x i b l e  th resho ld  
va lues  determined i n  r ea l - t ime  by a technique  such a s  
exponen t i a l  smoothing. 
The means f o r  accomplishing t h i s  have a l ready  been 
developed i n  t h i s  r e s e a r c h  e f f o r t ,  namely, t h e  mean a b s o l u t e  
d e v i a t i o n  e s t i m a t e  of s t andard  d e v i a t i o n  used i n  t h e  
exponen t i a l  smoothing models. I f  t h e  th resho ld  value!s can 
s t a t i s t i c a l l y  be  r e l a t e d  t o  t h e  s t a n d a r d  d e v i a t i o n s  o f  t h e  
parameter  frequency d i s t r i b u t i o n s ,  then  t h e  mean a b s o l u t e  
d e v i a t i o n  e s t i m a t e  compiled every  minute could  be used t o  
compile f l e x i b l e  t h r e s h o l d  l i m i t s .  Such f a c t o r s  as  changing 
t r a f f i c  c o n d i t i o n s ,  time of day o r  day of  week, and environ- 
mental  c o n d i t i o n s  would a u t o m a t i c a l l y  be taken c a r e  of wi th  
t h i s  arrangement .  The s t r a t e g y  would a t  l e a s t  keep t h e  
t h r e s h o l d  l e v e l  f o r  d e t e c t i o n  t h e o r e t i c a l l y  a t  t h e  one p e r c e n t  
l e v e l  f o r  p r e v a i l i n g  c o n d i t i o n s .  I t  might ,  however, a l low 
t h e  use  of more s t r i n g e n t  t h r e s h o l d s  wi thou t  impairment of  
model performance. I n s p e c t i o n  of t h e  frequency d i s t r i b u t i o n  
s t a t i s t i c s  f o r  t h e  v a r i o u s  Texas T r a n s p o r t a t i o n  I n s t i t u t e  
models i n  Tables C-2 through C-9 r e v e a l s  t h a t  i n  most 
i n s t a n c e s  t h e  mean parameter  v a l u e  p l u s  o r  minus ( a s  
a p p r o p r i a t e )  one s t a n d a r d  d e v i a t i o n  i s  a  r easonab le  e s t i m a t e  
of t h e  one p e r c e n t  t h r e s h o l d  v a l u e s .  The e s t i m a t e s  a r e  no 
worse than  t h e  d i f f e r e n c e s  observed among dry  and r a i n  v a l u e s ,  
o r  between t h e  1968 and 1969 v a l u e s  f o r  d ry  weather .  On- 
l i n e  a n a l y s i s  would conf i rm t h e  v a l i d i t y  of t h i s  m o d i f i c a t i o n  
of t h e  Texas  rans sport at ion I n s t i t u t e  d e t e c t i o n  s t r a t e g y .  
DETECTION OF I N C I D E N T  TERMINATION 
For s u r v e i l l a n c e  c o n t r o l  purposes t h e  t e rmina t ion  
time of a  capaci ty-reducing i n c i d e n t  i s  a d e s i r a b l e  i n p u t  
t o  a  s t r a t e g y  which seeks  t o  f u l l y  u t i l i z e  t h e  excess  
downstream freeway c a p a c i t y  dur ing ,  b u t  n o t  a f t e r ,  an i n c i -  
den t .  The c a p a b i l i t i e s  of each model were explored by 
comparing t h e  es t ima ted  end of conges t ion  wi th  t h e  c e s s a t i o n  
of d e t e c t i o n  s i g n a l s  f o r  each model. I f  t h e  c e s s a t i o n  p o i n t  
was w i t h i n  s e v e r a l  minutes of  t h e  end of  conges t ion ,  iI model 
was cons idered  s u c c e s s f u l  i n  d e t e c t i n g  t h e  t e rmina t ion  p o i n t .  
Real-time i n c i d e n t  d e t e c t i o n  r e q u i r e s  t h a t  t h e  d e t e c t i o n  
s i g n a l  be  r e l a t i v e l y  continuous throughout  t h e  d u r a t i o n  of 
each i n c i d e n t  f o r  it t o  be s a i d  t h a t  a  d i s t i n c t  d e t e c t i o n  
t e rmina t ion  had been achieved.  The only  except ion  t o  t h i s  
was t h e  Subsystem Shock Wave Model where a  s u c c e s s f u l  termina- 
t i o n  s i g n a l  was t h e  d e t e c t i o n  of  t h e  recovery wave a f t e r  an 
i n i t i a l  d e t e c t i o n  of  t h e  i n c i d e n t  shock wave. 
The r e s u l t s  f o r  each of t h e  models by subsystem i s  
p resen ted  i n  Table 8 .  I n c i d e n t s  wi th  d u r a t i o n s  of one o r  
two minutes were n o t  inc luded s i n c e  t e rmina t ion  time i s  n o t  
p e r t i n e n t  f o r  such s h o r t  i n c i d e n t s .  For t h e  remaining i n c i -  
d e n t s ,  t h e  a b i l i t y  of t h e  i n d i v i d u a l  d e t e c t i o n  models t o  
s i g n a l  a  reasonably  d i s t i n c t  t e rmina t ion  s i g n a l  ranged from 
TABLE 8 
TOTAL L- 
SUCCESSFUL TEFNINATION SIGNALS FOR 
THE DETECTION MODELS BY SUBSYSTEM 
----"----- - 
PERCENT OF SUCCESSFUL TERMINATION SIGNALS* ----- 
TTI MODELS*" 
-----, 
*Number o f  s u c c e s s f u l  d e t e c t i o n s  i n  p a r e n t h e s e s .  
**Numbers r e f e r  t o  Models as f o l l o w s :  
1. S t a t i o n  D i s c o n t i n u i t y  Model 
2 .  Subsystem D i s c o n t i n u i t y  Model 
3.  S t a t i o n  Energy Model 
4 .  Subsystem Energy Model 
5 .  Subsystem Shock Wave Model 
***No s u c c e s s f u l  d e t e c t i o n s  
25% t o  100%. The C a l i f o r n i a  Model i n  every  case s i g n a l e d  
t h e  end of t h e  pe r iod  of d e t e c t a b l e  conges t ion .  The end 
of conges t ion  does n o t  correspond t o  the  time o f  removal 
of  an i n c i d e n t  from t h e  freeway, b u t  it i s  t h e  b e s t  t h a t  
can b e  expected wi th  t r a f f i c  s t ream measurements. Fur ther-  
more, t h i s  i s  t h e  p o i n t  a t  which t h e  i n c i d e n t  c e a s e s  t o  he 
of  i n t e r e s t  f o r  s u r v e i l l a n c e  c o n t o l  purposes.  
The T T I  models were d i s t i n c t l y  i n f e r i o r  i n  performance 
t o  t h e  C a l i f o r n i a  Model, and t h e  s i g n a l ,  of course ,  was 
a c t u a l l y  t h e  l a c k  of  i n c i d e n t  conf i rmat ion  s i g n a l s  s i n c e  no 
formal  p r o v i s i o n s  had been made f o r  t e r m i n a t i o n  i n  t h e  model 
l o g i c .  The Subsystem D i s c o n t i n u i t y  and S t a t i o n  Energy 
Models, w i t h  6 1 %  and 52% s u c c e s s f u l  t e r m i n a t i o n s ,  r e s ] ? e c t i v e l y ,  
were b e t t e r  i n  t h i s  r e s p e c t  than  t h e  o t h e r s ,  and it  was noted 
t h a t  t h e s e  two models were t h e  most l i k e l y  among t h e  T T I  
models t o  s i g n a l  con t inuous ly  dur ing  i n c i d e n t  conges t ion .  
There was no c o n s i s t e n t  i n t e r a c t i o n  among t h e  subsystems 
a l though  t h e  f a i l u r e  of  t h e  two s t a t i o n  models t o  t e r m i n a t e  
any i n c i d e n t s  i n  t h e  s h o r t  subsystem (Subsystem Two) i s  noted.  
I n  g e n e r a l ,  it i s  concluded t h a t  t h e  T T I  models r e q u i r e  
more i n  t h e  way of t e r m i n a t i o n  l o g i c  than  simply t h e  cessa-  
t i o n  of  c r i t i c a l  v a r i a b l e  v a l u e s .  The C a l i f o r n i a  metlhod of 
s i g n a l i n g  t h e  t e r m i n a t i o n  when downstream occupancy a g a i n  
rises t o  t h e  l e v e l  preceding t h e  i n c i d e n t  was found t o  be 
e f f e c t i v e  and i n t u i t i v e l y  s a t i s f y i n g .  For r e a l - t i m e  de tec -  
t i o n  o p e r a t i o n s  t h i s  more p r e c i s e  t e r m i n a t i o n  s i g n a l  would 
be l e s s  ambiguous and thus  more e f f ec t ive .  Should any of 
t h e  TTI  models be incorporated i n t o  an on-line de t ec t ion  
system, a s imi l a r  method of de t ec t ing  the  end of t h e  flow 
d i scon t inu i ty  should be incorporated.  
EFFECT OF WEATHER 
For each a n a l y s i s  day t h e  mean v a l u e ,  s t a n d a r d  d e v i a t i o n ,  
maximum v a l u e ,  and minimum v a l u e  of  each model variabl ie  
were determined.  For t h e  set  of  d r y  and r a i n y  days ,  nneans 
and s t a n d a r d  d e v i a t i o n s  were computed. A l l  o f  t h i s  i n f o r -  
mation a s  w e l l  a s  t h e  o v e r a l l  maximum and minimum va lues  
observed and t h e  r e s p e c t i v e  t h r e s h o l d  v a l u e s  a r e  p resen ted  
i n  Tables  C-5 through C-9 i n  Appendix C. I n  most c a s e s  
t h e r e  was a  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  d r y  and r a i n y  
weather  means a s  determined through a p p l i c a t i o n  of  t h e  
C e n t r a l  L i m i t  Theorem. For t h e  S t a t i o n  Energy v a r i a b l e  which 
most d i r e c t l y  r e f l e c t s  t h e  g r e a t e r  conges t ion  i n  adverse  
weather ,  t h e  r a i n y  day means were a l l  c o n s i s t e n t l y  and 
d i s t i n c t l y  lower t h a n  t h e  d ry  weather  means. The S t a t i o n  
D i s c o n t i n u i t y  d i s t r i b u t i o n  means were n o t  s i g n i f i c a n t l y  
d i f f e r e n t .  This  may i n d i c a t e  t h a t  r e l a t i v e  l a n e  oper (a t ions  
a r e  g e n e r a l  c h a r a c t e r i s t i c s  of  t r a f f i c  o p e r a t i o n s  and d r i v e r  
behavior  r a t h e r  than  f u n c t i o n s  o f  e x t e r n a l  i n f l u e n c e s  such 
a s  weather .  That  i s ,  one l a n e  of  t r a f f i c  w i l l  move more o r  
less f r e e l y  ( d i f f e r e n t  l a n e  energy) than  t h e  o t h e r  l a n e s  f o r  
on ly  a  c e r t a i n  l e n g t h  of  time b e f o r e  some d r i v e r s  w i l l  move 
i n t o  t h a t  l a n e  o r  abandon it and t h u s  r e s t o r e  t h e  even d i s t r i -  
b u t i o n  of  e n e r g i e s .  
I n  n e a r l y  every  c a s e ,  t h e  average  s t a n d a r d  d e v i a t i o n s  
needed t o  be t h e  same o r  somewhat s m a l l e r  f o r  r a i n y  condi- 
t i o n s  t h a n  f o r  dry.  I n s p e c t i o n  of  t h e  maximum and minimum 
v a l u e s  observed  showed a  c o n s i s t e n t l y  nar rower  s p r e a d  o f  
v a l u e s  f o r  r a i n y  t h a n  f o r  d r y  wea the r .  
The t h r e s h o l d  v a l u e s  f o r  each model a r e  a l s o  p r e s e n t e d  
i n  Tables  C - 2 ,  C - 3 ,  and C-4 i n  Appendix C a long  w i t h  t h e  
v a l u e s  computed by T T I  f o r  t h e i r  1968 d r y  weather  sample. 
I n  g e n e r a l ,  t h e  r a i n y  day i n c i d e n t  s i g n a l  t h r e s h o l d s  a r e  
c o n s i s t e n t l y  d i f f e r e n t  from t h e  d r y  day t h r e s h o l d s  f o r  t h e  
d i f f e r e n t  s t a t i o n s  o r  subsystems w i t h i n  each  model, b u t  
t h e r e  i s  no c o n s i s t e n c y  among t h e  models ,  The t h r e s h o l d s  a r e  
t h u s  more ex t reme ( f a r t h e r  from t h e  d i s t r i b u t i o n  means) i n  
r a i n y  weather  f o r  t h e  S t a t i o n  Energy and S t a t i o n  D i s c o n t i n u i t y  
Models, b u t  less ex t reme f o r  t h e  Subsystem Shock Wave Model. 
They a r e  t h e  same f o r  t h e  Subsystem Energy Model. Unfor- 
t u n a t e l y ,  t h e s e  d i f f e r e n c e s ,  a l t hough  c o n s i s t e n t  w i t h i n  each  
model, a r e  o f  t h e  same o r d e r  o f  magnitude a s  t h e  d i f f e r e n c e s  
between t h e  1968 and 1 9 6 9  d r y  weather  t h r e s h o l d s .  Th i s  may 
b e  due t o  t h e  s c a t t e r  of v a r i a b l e  v a l u e s  a t  t h e  f r i n g e s  of 
t h e s e  d i s t r i b u t i o n s .  
Some c o n s i s t e n t  p a t t e r n s  a r e  e v i d e n t  i n  t h e  s e t  of 
cumula t ive  d i s t r i b u t i o n s  and t h r e s h o l d s  e s t a b l i s h e d  f o r  t h e  
f i v e  TTI models. There a r e  s t r i k i n g  d i f f e r e n c e s  i n  model 
performance a t  t h e  d i f f e r e n t  stations o r  subsystems.  There  
i s  a l s o  j u s t i f i c a t i o n  f o r  t r e a t i n g  d r y  and r a i n y  weather  
s i t u a t i o n s  s e p a r a t e  from each  o t h e r .  None o f  t h e  above 
observations, of course, have any direct bearing on the 
ability of the TTI models to detect capacity-reducing 
incidents, but it was anticipated that they would prove 
beneficial in analyzing the validity of the threshold concept. 
1 9 6 8  PARAMETER EFFECTIVENESS 
The d e t e c t i o n  t h r e s h o l d s  deve loped  by TTJ  i n  1968 were 
a p p l i e d  t o  t h e  S t a t i o n  D i s c o n t i n u i t y  and Subsystem Shock 
Wave Models, t h e  b e s t  and w o r s t  p e r f o r m e r s ,  r e s p e c t i v e l y ,  
i n  o r d e r  t o  compare t h e i r  e f f e c t i v e n e s s  w i t h  t h o s e  d e r i v e d  
f rom a  s e p a r a t e  s e t  o f  i n c i d e n t - f r e e  days  i n  1 9 6 9 .  Use of  
t h e  T T I  t h r e s h o l d s  f o r  t h e  S t a t i o n  D i s c o n t i n u i t y  Model a l s o  
r e s u l t e d  i n  d e t e c t i o n  o f  9 0 %  o f  t h e  50 i n c i d e n t s ,  a l t h o u g h  
two i n c i d e n t s  were d e t e c t e d  o n l y  w i t h  t h e  TTI v a l u e s  and 
two o t h e r  i n c i d e n t s  d e t e c t e d  i n  t h i s  r e s e a r c h  were u n d e t e c t e d  
u s i n g  t h e  1968 t h r e s h o l d s .  I n t e r e s t i n g l y ,  t h e  one  1969 
i n c i d e n t  u n d e t e c t e d  by a l l  models was d e t e c t e d  w i t h  t h e  con- 
s i d e r a b l y  less s t r i n g e n t  TT7 t h r e s h o l d  a t  t h e  C a l v e r t  
d e t e c t o r  s t a t i o n .  D e t e c t i o n  performance o f  t h e  TTI t h r e s h o l d s  
f o r  t h e  Subsystem Shock Wave Model was improved from 32% 
t o  4 4  % of  t h e  50 i n c i d e n t s .  
I n  g e n e r a l ,  t h e s e  v a r i a n c e s  mere ly  r e f l e c t  t h e  d i f f e r -  
e n c e s  i n  t h r e s h o l d  v a l u e s ,  The TTI v a l u e s  do n o t  t a k e  
wea the r  c o n d i t i o n s  i n t o  a c c o u n t ,  and more i m p o r t a n t l y ,  f a l s e  
alarm r a t e s  a re  a f f e c t e d  by c h a n g i n g , , t h e  t h r e s h o l d s .  Based 
on t h e  UM c o m p i l a t i o n  o f  i n c i d e n t - f r e e  s t a t i s t i c s ,  t h e  TTI 
s t a t i o n  d i s c o n t i n u i t y  t h r e s h o l d  of 0 . 5 1  u sed  a t  C a l v e r t  t o  
d e t e c t  t h e  5 8 t h  i n c i d e n t  y i e l d s  a  f a l s e  a l a r m  r a t e  o f  11% 
( s e e  F i g u r e  C - 2 ) .  
NATURE OF INCIDENTS 
The f e a s i b i l i t y  of d i s t i n g u i s h i n g  a c c i d e n t s  from s t a l l s  
and breakdowns s o l e l y  by means of t r a f f i c  s t ream measurements 
was i n v e s t i g a t e d  based on t h e  premise t h a t  a c c i d e n t s  might 
g e n e r a t e  a  g r e a t e r  impact on t r a f f i c  o p e r a t i o n s  because of 
t h e  g r e a t e r  number of  v e h i c l e s  involved and g r e a t e r  poten- 
t i a l  f o r  d i s t r a c t i o n .  Based on t h e  t e l e v i s i o n  records  none 
of t h e  i n v e s t i g a t e d  a c c i d e n t s  appeared t o  be  s e r i o u s  o r  
involve  s e r i o u s  i n j u r i e s  a s  i n f e r r e d  from t h e  l a c k  of  ambu- 
l ances  d i spa tched  t o  t h e  a c c i d e n t  scene. A l l  such a i d  
v e h i c l e s  were t o  be noted i n  t h e  t e l e v i s i o n  l o g s  a s  expla ined 
i n  Appendix A. 
The 18 a c c i d e n t s  d i d  n o t  g e n e r a t e  a  g r e a t e r  disrulpt ion 
i n  t r a f f i c  f low than  t h e  remaining 32 i n c i d e n t s  a s  evidenced 
by t h e i r  be ing s c a t t e r e d  randomly among a l l  50 i n c i d e n t s  i n  
impact on downstream flow i n  F igure  19. This  may be a  
consequence of  t h e  l a c k  of flow d a t a  a t  t h e  i n c i d e n t  l o c a t i o n  
where t h e  e f f e c t s  of d i s t r a c t i o n  on flow p a s t  t h e  i n c i d e n t  
could be s i g n i f i c a n t .  Fur the r  downstream t h e s e  e f f e c t s  would 
be  masked a s  t r a f f i c  o p e r a t i o n s  recover .  
There was a l s o  no apparent  i n t e r a c t i o n  i n  t h e  a b i l i t y  of 
t h e  d e t e c t i o n  models t o  d i s t i n g u i s h  between a c c i d e n t s  and 
o t h e r  i n c i d e n t s  o r  d e t e c t  one type  b e t t e r  than  t h e  o t h e r .  
Hence, i t  i s  concluded t h a t  it does n o t  appear  l i k e l y  t h a t  it 
w i l l  be p o s s i b l e  t o  determine t h e  n a t u r e  of  a capac i ty -  
reducing i n c i d e n t  by means of t r a f f i c  s t ream measuremeLnts a lone .  
MODEL INDEPENDENCE 
The assumption made by t h e  Texas T r a n s p o r t a t i o n  I n s t i t u t e  
t h a t  t h e i r  models were independent  of  each o t h e r  was 
i n v e s t i g a t e d  a s  t h i s  h a s  a  d i r e c t  bea r ing  on t h e  s u i t a b i l i t y  
of u s i n g  s e v e r a l  models j o i n t l y  t o  f u r t h e r  i n c r e a s e  de tec-  
t i o n  c a p a b i l i t y  ( 1 0 ) .  This  was done by comparing t h e  
r e l a t i v e  d e t e c t i o n  performance and d e t e c t i o n  times o f  p a i r s  
of models. 
The t h r e e  subsystem models a l l  d e t e c t e d  t h e  s i t u a t i o n  
of  upstream conges t ion  and l a c k  of conges t ion  downstream of  
t h e  i n c i d e n t .  The Subsystem Shock Wave Model d e t e c t e d  t h e  
sudden t r a n s i t i o n  t o  t h e s e  c o n d i t i o n s ,  b u t  t h e  o t h e r  two, 
Subsystem D i s c o n t i n u i t y  and Subsystem Energy, were d e t e c t i n g  
t h e  same s t e a d y - s t a t e  s i t u a t i o n  p r e s e n t  d u r i n g  an  i n c i d e n t  
by d i f f e r e n t  methods. The independence of  t h e  d e t e c t i o n  
performance of  t h e s e  two models i.s i n v e s t i g a t e d  i n  Table 9.  
TABLE 9 




A h i g h l y  s i g n i f i c a n t  i n t e r a c t i o n  i s  evidenced i n  this 
t a b u l a t i o n  and it is  concluded t h a t  t h e s e  two models a r e  
f a r  from independent.  I f  t h e  models were independent ,  fewer 
than  s i x  of t h e  50 i n c i d e n t s ,  r a t h e r  than  12,  would have 
been missed by t h e  j o i n t  a p p l i c a t i o n  of both  models. 
S t a t i o n  Energy and Subsystem Energy were s i m i l a r l y  
compared i n  Table 1 0 .  
TABLE 1 0  
ENERGY MODEL DETECTION INDEPENDENCE 
The o v e r a l l  d e t e c t i o n  performance of t h e s e  two models was 
n e a r l y  i d e n t i c a l ,  b u t  aga in  t h e  i n t e r a c t i o n  i n  d e t e c t i o n  
performance is  h igh ly  s i g n i f i c a n t .  I f  t h e  models were 
independent ,  only  n i n e  i n s t e a d  of 1 4  i n c i d e n t s  would have 
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reason  f o r  expec t ing  t h e  models t o  be independent  s i n c e  one 
cons ide red  k i n e t i c  energy a t  a  s t a t i o n  and t h e  o t h e r  t h e  
d i f f e r e n c e  i n  energy between s t a t i o n s .  
F i n a l l y ,  t h e  two T T I  models t h a t  gave t h e  b e s t  per -  
formance, S t a t i o n  D i s c o n t i n u i t y  and Subsystem D i s c o n t i n u i t y ,  
were compared by an e x a c t  mult inominal  t e s t  (Table 11). 
TABLE 11 
STA'I'ION AND SUBSYSTEM DISCONTINUITY 
MODEL INDEPENDENCE 
I n  c o n t r a s t  t.o t h e  comparisons of  t h e  o t h e r  model p a i r s ,  
t h e s e  two models appear  t o  be  independent  of  each o t h e r  i n  
d e t e c t i o n  performance. This  r e s u l t  j u s t i f i e d  t h e  f u r t h e r  
i n v e s t i g a t i o n  of  t h e  j o i n t  use of t h e s e  two models f o r  i n c i -  
d e n t  d e t e c t i o n  p resen ted  i n  t h e  nex t  s e c t i o n  of t h i s  c h a p t e r .  
TO summarize t h e  performance of  t h e  T T I  and C a l i f o r n i a  
models, t h e r e  were s i g n i f i c a n t  d i f f e r e n c e s  i n  model de tec-  
t i o n .  The S t a t i o n    is continuity and Subsystem Discon t inu i ty  
Models were p a r t i c u l a r l y  e f f e c t i v e  wi th  d e t e c t i o n  r a t e s  of 
9 0 %  and 7 4 % ,  r e s p e c t i v e l y ,  a t  a  one pe rcen t  f a l s e  alarm r a t e .  
These two models, u n l i k e  t h e  o t h e r s ,  were independent of  
each o t h e r  i n  d e t e c t i o n  performance, Subsystem leng th  was 
no t  a  s i g n i f i c a n t  f a c t o r  i n  t h e  a b i l i t y  t o  d e t e c t  inci .dents  
except  f o r  t h e  Subsystem Shock Wave Model. The subsystem 
models were somewhat l e s s  e f f e c t i v e  i n  Subsystem One where 
a  geometr ic  d i s c o n t i n u i t y  ( f o u r  l anes  merging t o  t h r e e )  i s  
p r e s e n t .  There was no apparent  d i f f e r e n c e  i n  d e t e c t i o n  by 
t h e  two s t a t i o n  models i n  t h e  t h r e e  subsystems. E igh t  of  
t h e  SO i n c i d e n t s  took p l a c e  i n  r a i n  o r  snow, b u t  s i n c e  they 
were a l l  d e t e c t e d  by one or m'ore models, weather cond i t ions  
were ev iden t ly  n o t  a  f a c t o r  i n  d e t e c t i o n .  However, s e p a r a t e  
t h r e s h o l d  parameters  a r e  needed f o r  r a i n  o r  snow. A l l  of 
t h e  T T I  models, except  t h e  S t a t i o n  Discon t inu i ty  Model, 
i d e n t i f i e d  t h e  i n c i d e n t  subsystem l o c a t i o n  a c c u r a t e l y .  For 
t h e  l a t t e r  model i n c i d e n t s  may have taken p lace  e i t h e r  up- 
s t ream o r  downstream of t h e  d e t e c t o r  s t a t i o n .  The models were 
unable t o  d i s t i n g u i s h  a c c i d e n t s  from s t a l l e d  v e h i c l e s  and 
t h e  l i k e ,  and a l s o  d i d  no t  c o n s i s t e n t l y  provide  a  d i s t i n c t  
s i g n a l  f o r  the end of inc iden ts .  The one percent  threshold 
l e v e l  could not  be made more s t r i n g e n t  i n  order  t o  reduce 
f a l s e  alarms without impairing model performance. 
A COMPOSITE I N C I D E N T  DETECTION MODEL 
S ince  two of  t h e  T T I  d e t e c t i o n  models,  S t a t i o n  D i s -  
c o n t i n u i t y  and Subsystem D i s c o n t i n u i t y ,  were found t o  be  
independent  of  each o t h e r  and were d i s t i n c t l y  s u p e r i o r  t o  
t h e  o t h e r s  i n  performance,  t h e  f e a s i b i l i t y  o f  u s i n g  t h e  two 
models j o i n t l y  was exp lo red .  Together  t h e  two models d e t e c -  
t e d  48  of t h e  50 i n c i d e n t s  ( s e e  Table 6 ) ,  a  performance 
l e v e l  of 96%. One of  t h e  two unde tec ted  i n c i d e n t s  went 
unde tec ted  by a l l  models.  
On comparing t h e s e  two models w i t h  a l l  o t h e r  models 
it was found t h a t  of  t h e  49  i n c i d e n t s  d e t e c t e d  by any model, 
f o u r  were d e t e c t e d  by t h e  S t a t i o n  D i s c o n t i n u i t y  Model o n l y ,  
one by t h e  Subsystem D i s c 0 n t i n u i . t ~  Model o n l y ,  and two by 
both  o f  t h e s e  models b u t  by none of  t h e  o t h e r s .  Thus, t h e  
b e s t  combinat ion of any s e t  of t h e  remaining models would 
y i e l d  a  maximum of  4 2  d e t e c t i o n s .  I t  i s  e v i d e n t  t h a t  t h e  
use  of t h e s e  two models t o g e t h e r  r e p r e s e n t s  t h e  most e f f e c -  
t i v e  combinat ion of T T I  models. 
The average  t ime l a g  f o r  d e t e c t i o n  of t h e  48 inc id .en t s  
by a  composi te  model i s  0 .81  minute ,  an  improvement from 
t h e  2 . 1  minute average  o f  t h e  models a l o n e .  This  r e p r e s e n t s  
a  b e t t e r  performance t h a n  t h e  Modified C a l i f o r n i a  Model. and 
i n d i c a t e s  t h a t  t h e  g r e a t  m a j o r i t y  of  d e t e c t i o n s  t a k e  p l a c e  
w i t h i n  t h e  f i r s t  o r  second minute  of  t h e  o n s e t  o f  c o n g e s t i o n .  
The sample s t a n d a r d  d e v i a t i o n  of 2.18 minutes i s  n e a r l y  t h e  
same a s  t h a t  f o r  t h e  e a r l i e s t  d e t e c t i o n  t imes by any model, 
2,OS minutes.  However, t h i s  i s  s t i l l  more than  t h e  1.31 
v a l u e  f o r  t h e  Modified C a l i f o r n i a  Model, a l though  n o t  
s t a t i s t i c a l l y  s i g n i f i c a n t l y  g r e a t e r  ( a  = . 0 5 ) .  The composite 
model s i g n a l e d  a  r easonab le  t e r m i n a t i o n  t o  75% of t h e  de tec -  
ted i n c i d e n t s ,  b e t t e r  than  any i n d i v i d u a l  TTI model b u t  n o t  
as good a s  t h e  C a l i f o r n i a  Model. 
A cumula t ive  p l o t  of d e t e c t i o n  t imes  f o r  t h i s  j o i n t  
model is  shown i n  F igure  26 which compares it w i t h  t h e  
performance of  o t h e r  models. De tec t ion  performance i n  t h e  
f i r s t  few minutes i s  markedly improved a s  1 4  of t h e  i n c i d e n t s  
t h a t  went undetec ted  by one o f  t h e  models a r e  d e t e c t e d  a t  
t h e  f i r s t  o r  second o p p o r t u n i t y .  
The independence o f  t h e  two models fo l lows  from t h e  
d i f f e r e n t  t r a f f i c  c h a r a c t e r i s t i c s  o r  " d i s c o n t i n u i t i e s "  
measured by each model. For t h e  Subsystem D i s c o n t i n u i t y  
Model it i s  t h e  j o i n t  d e t e c t i o n  of  conges t ion  a t  t h e  upstream 
s t a t i o n  and f r e e r  f low downstream. The S t a t i o n  D i s c o n t i n u i t y  
approach,  on t h e  o t h e r  hand, d e t e c t s  an energy imbalance 
caused by one l a n e  be ing blocked. There i s  no p a r t i c u l a r  
evidence  t h a t  t h i s  imbalance i s  a  f u n c t i o n  of  t h e  f low r a t e  
such t h a t  a s i g n i f i c a n t  d i f f e r e n c e  i n  f low c h a r a c t e r i s t i c s  
between s t a t i o n s  would a l s o  be accompanied by a  g r e a t e r  
l i k e l i h o o d  of  l a n e  energy imbalance o r  v i c e  v e r s a  f o r  
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r e g u l a r  t r a f f i c  o p e r a t i o n s .  N a t u r a l l y  o c c u r r i n g  imbalances 
would be c o r r e c t e d  by d r i v e r s  changing t o  t h o s e  l a n e s  which 
appear  t o  be moving b e t t e r  a s  t h e  o p p o r t u n i t y  p r e s e n t s  
i t s e l f .  The flow o p e r a t i o n s  i n  p a r a l l e l  l a n e s  t h u s  would 
f l u c t u a t e  around t h e  s t e a d y - s t a t e  of l a n e  energy balance .  
Worra l l ,  e t  a l . ,  assumed t h a t  l a n e  changes were independent  
and i s o l a t e d  even t s  i n  t h e  t r a f f i c  s t r eam excep t  i n  merging 
a r e a s  ( 5 2 ) .  I n  t h e i r  Markovian model o f  lane-changing,  
f low was a  c o n s t a n t  f a c t o r  t o  he a p p l i e d  a t  t h e  end of t h e  
c a l c u l a t i o n s  a l though i n  theory  t h e  s t e a d y - s t a t e  t r a n s i t i o n  
p r o b a b i l i t i e s  could  be f u n c t i o n s  of flow r a t e .  I f  i t  were 
p o s s i b l e  t o  keep t r a c k  o f  i n d i v i d u a l  v e h i c l e  t r a j e c t o r i e s  
through space  and t ime,  then  s h i f t s  i n  t h e s e  p r o b a b i l i t i e s  
( i . e . ,  i n c r e a s e d  l a n e  changing) could s e r v e  as means f o r  
d e t e c t i o n .  The S t a t i o n   isc continuity Model d e t e c t s  t h e  end 
p roduc t  of t h e s e  s h i f t s ,  t h e  blockage o r  nea r  blockage o f  
one o r  more l a n e s  of  t r a v e l .  
I n  conc lus ion ,  it appears  t h a t  t h e  j o i n t  use  o f  models 
based on t h e  comparison of l a n e  energy and speed and occu- 
pancy d i f f e r e n c e s  a t  a d j a c e n t  s t a t i o n s  produces t h e  b e s t  l e v e l  
of performance among t h e  models inc luded  i n  t h i s  s tudy .  
Ninety-s ix  p e r c e n t  of t h e  i n c i d e n t s  a r e  d e t e c t e d  by t h e  two, 
i n  most c a s e s  e i t h e r  i n  t h e  minute of  o n s e t  o f  conges t ion  o r  
t h e  fo l lowing  minute.  The two models appear  t o  be  independent ,  
so the  j o i n t  f a l s e  alarm r a t e  w i l l  be nearly two percent. 
Although s e r i a l  cor re la t ion  i s  frequently evidenced f o r  a t  
l e a s t  one of the models, the  use of second minute detect ion 
confirmations o r  the  use of one model t o  confirm the other  
i n  order t o  reduce the  r a t e  of f a l s e  alarms would defeat  the 
object ive of using both t o  de tec t  as many incidents  as  
possible .  However, if grea ter  value were placed on th,e 
detect ion of major incidents  requir ing pol ice o r  other a id ,  
such confirmation could very well he e f fec t ive  i n  reducing 
the f a l s e  alarms a t  the expense of fewer overa l l  detect ions.  
MODIFIED CALIFORNIA INCIDENT DETECTION MODEL PERFORMANCE 
The performance of  t h e  Modified C a l i f o r n i a  Model has  
a l r e a d y  been d i s c u s s e d  w i t h  r e g a r d  t o  d e t e c t i o n  of 50 on- 
freeway i n c i d e n t s .  S e v e r a l  impor tan t  o b s e r v a t i o n s  should  be  
emphasized. A summary of t h e  s t u d i e s  done w i t h  t h e  C a l i f o r n i a  
Model i s  p resen ted  i n  Table 12.  
The 18 days of a n a l y s i s  con ta ined  4860 minutes.  A 
s i m i l a r  number of  model t e s t s  were performed i n  each subsystem. 
There were t e n  f a l s e  a larms o u t  of 14,580 tes t  s i t u a t i o n s .  
This  i s  an  exceedingly  low r a t e  of  l e s s  than  .001. Sub- 
system Two, t h e  s h o r t  s e c t i o n ,  recorded t h e  most f a l s e  
a l a rms ,  e i g h t .  There were no f a l s e  alarms i n  Subsystem One, 
b u t  it appears  t h a t  t h e  reason  f o r  t h i s  was t h e  g e n e r a l  
i n s e n s i t i v i t y  of t h e  model i n  t h a t  subsystem. Consider ing  
Subsystems Two and Three a l o n e ,  t h e r e  were 17 i n c i d e n t s  and 
t e n  f a l s e  alarms.  The f a l s e  alarm r a t e  approximates o r  i s  
less t h a n  t h e  r a t e  of a c t u a l  occur rence  of on-freeway 
i n c i d e n t s .  
When t h e  Modified C a l i f o r n i a  Model was a p p l i e d  t o  t h e  
f u l l  set  of  da ta  f o r  50 i n c i d e n t s ,  a t o t a l  o f  26 were 
d e t e c t e d .  S i m i l a r  performances were recorded i n  Subsystems 
Two and Three where an average  of 8 3 %  of t h e  i n c i d e n t s  were 
s u c c e s s f u l l y  d e t e c t e d ,  i n d i c a t i n g  t h a t  subsystem l e n g t h  is  
n o t  n e c e s s a r i l y  a  f a c t o r  f o r  t h e  C a l i f o r n i a  Model. However, 
TABLE 12 
CALIFORNIA INCIDENT DETECTION MODEL PERFORMANCE 
*18 days t o t a l e d  4860 minutes  of a n a l y s i s .  These 
days inc luded  1 3  d r y ,  4 r a i n y ,  and 1 snowy day. 
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performance was ext remely  poor i n  Subsystem One with a 
d e t e c t i o n  r a t e  of on ly  23%. A Chi-square t e s t  i n d i c a t e d  
t h a t  t h i s  d i f f e r e n c e  i n  d e t e c t i o n  performances could  n o t  
be a t t r i b u t e d  t o  chance a t  t h e  f i v e  p e r c e n t  l e v e l .  
The problem i n  Subsystem One was b a s i c a l l y  one of  
s e n s i t i v i t y ,  e v i d e n t l y  caused by t h e  geometr ic  d i s c o n t i n u i t i e s  
d i scussed  p r e v i o u s l y .  I n  t h i s  p a r t i c u l a r  subsystem, s e v e r a l  
i n c i d e n t s  occurred  t h a t  d i d  n o t  behave accord ing  t o  t h e  
assumptions of  t h e  model. However, of  t h e  20  misses ,  1 4  
d i s p l a y e d  a response  s i m i l a r  t o  t h e  C a l i f o r n i a  assumptions,  
b u t  t h e  response  was n o t  l a r g e  enough t o  g e n e r a t e  an i n c i -  
d e n t  s i g n a l .  Inc lud ing  t h e  1 4  i n c i d e n t s  w i t h  t h e  s i x  
d e t e c t i o n s ,  t h e  Modified C a l i f o r n i a  Model could  be  a p p l i c a b l e  
t o  77% of  t h e  i n c i d e n t s  i n  Subsystem One, a  pe rcen tage  
comparable t o  i t s  s u c c e s s  r a t e  i n  t h e  o t h e r  two subsystems.  
I t  seems r e a s o n a b l e  t o  a s s e r t  t h a t  i n  t h e  case of  t h e  
~ a l i f o r n i a  Model, op t ima l  model performance may depend on 
t h e  subsystems demonst ra t ing  geometr ic  homogeneity. 
EXPONENTIAL SMOOTHING MODEL PERFORMANCE 
A s  d i s c u s s e d  i n  Chapter One, s e p a r a t e  double exponen t i a l  
smoothing of  s t a t i o n  volumes and occupancies was a p p l i e d  
t o  peak p e r i o d s  c o n t a i n i n g  s i x  i n c i d e n t s .  With occupancy 
a s  t h e  v a r i a b l e ,  t h r e e  of t h e  s i x  i n c i d e n t s  were d e t e c t e d .  
With volume a s  t h e  v a r i a b l e ,  f o u r  of s i x  were de tec te t l .  The 
number o f  f a l s e  a larms,  1 2  f o r  t h e  occupancy model ant1 t h r e e  
f o r  t h e  volume model, i s  comparable t o  t h e  one p e r c e n t  r a t e  
a n t i c i p a t e d  f o r  t h e  T T I  models. 
There i s  i n s u f f i c i e n t  d a t a  t o  develop conclus ions  on 
subsystem performance o r  a c t u a l l y  compare performance by 
subsystem wi th  t h e  o t h e r  models. Even wi thou t  t h i s  compari- 
son ,  t h e r e  was d i s s a t i s f a c t i o n  wi th  t h e  performance of t h e  
exponen t i a l  model f o r  a number o f  reasons .  
A t y p i c a l  s u c c e s s f u l  d e t e c t i o n  f o r  hoth  models i s  
p resen ted  i n  F igure  27. The p l o t  of  p r e d i c t e d  volume and 
occupancy i l l u s t r a t e s  t h e  a b i l i t y  of double exponen t i a l  
smoothing t o  respond t o  t h e s e  parameter  changes and r a p i d l y  
c o r r e c t  f o r  t r e n d .  A s  mentioned i n  Chapter One, t h e  pre-  
d i c t i o n s  t a k e  i n t o  account  t h e  p a s t  s i x  parameter  observa-  
t i o n s .  The "Mean Absolute Devia t ion"  (MAD) i s  a running 
e s t i m a t e  of t h e  c u r r e n t  s t andard  d e v i a t i o n  ( s e e  Appendix E )  
which t a k e s  i n t o  account  approximately t h e  l a s t  20  obse rva t ions .  




EXPONENTIAL SMOOTHING MODEL PERFORMANCE 
S i n c e  t h e  t r a c k i n g  s i g n a l  i s  t h e  cumulated p a s t  e r r o r s  of 
p r e d i c t i o n  d iv ided  by t h e  MAD, making t h e  MAD less s e n s i t i v e  
t o  ve ry  r e c e n t  f l u c t u a t i o n s  r e s u l t s  i n  b e t t e r  response  by 
t h e  t r a c k i n g  s i g n a l  t o  sudden changes i n  t h e  t r a f f i c  para-  
me te r ,  The g r e a t e r  MAD i s ,  t h e  l a r g e r  must be  t h e  s h i f t  i n  
t r a f f i c  performance o r  p r e d i c t i o n  e r r o r  t o  g e t  a  s i g n i . f i c a n t l y  
l a r g e  t r a c k i n g  s i g n a l .  The exponen t i a l  model was designed 
t o  avoid f a l s e  s i g n a l s  when t h e  d a t a  s t r eam had more than 
t h e  usua l  v a r i a b i l i t y  over  time. 
When a p p l i e d  t o  i n c i d e n t  d e t e c t i o n ,  it becomes e v i d e n t  
t h a t  t h e  model r e q u i r e s  t r a f f i c  parameters  t h a t  respond 
s h a r p l y  and promptly t o  t h e  passage  o f  a  shock wave genera ted  
by an i n c i d e n t .  I f  t h e r e  i s  l i t t l e  o r  no evidence  of a shock 
wave t h e r e  w i l l  be  no d e t e c t i o n  because t h e  model i s  des igned 
t o  s w i f t l y  compensate f o r  changes i n  parameter performance. 
The i n c i d e n t  d e p i c t e d  i n  F igure  27 was d e t e c t e d  by 
a l l  t h e  d e t e c t i o n  models i n c l u d i n g  both  a p p l i c a t i o n s  of t h e  
exponen t i a l  smoothing models. The exponen t i a l  models were 
a  b i t  slow, s i g n a l i n g  two minutes a f t e r  t h e  Revised Ca l i -  
f o r n i a  Model. From t h e  graphs i t  appears  t h a t  d e t e c t i o n  
was ob ta ined  a s  a n t i c i p a t e d .  Both t h e  downstream volumes 
and occupancies showed d i s t i n c t  g radua l  downward t r e n d s  
b e f o r e  t h e  i n c i d e n t  r a t h e r  than  s h a r p  b reaks ,  The exponen- 
t i a l  model compensates f o r  t r e n d  b u t  l a g s  behind i n  p r e d i c t i o n  
a s  long a s  t h e  t r e n d  con t inues .  This  c o n t i n u a l  e r r o r  of 
e s t i m a t i o n  b u i l d s  t h e  t r a c k i n g  s i g n a l  u n t i l  t h e  t h r e s h o l d  
f o r  d e t e c t i o n  i s  reached.  The s h a r p e s t  r e sponses  made by 
volume and occupancy a r e  i n  t h e  recovery  wave a f t e r  t h e  
i n c i d e n t ,  ( I t  was a t  t h i s  time t h a t  t h e  T T I  Subsystem Shock 
Wave Model s i g n a l e d  a  d e t e c t i o n . )  These s h i f t s  back t o  
norrnal o p e r a t i o n s  r e s u l t  i n  t h e  t r a c k i n g  s i g n a l  r a p i d l y  
r e t u r n i n g  t o  t h e  ze ro  l e v e l .  Rather  than  a s y m p t o t i c a l l y  
approaching z e r o ,  t h e  models oversl ioot  and o s c i l l a t e  about  
t h e  zero  l e v e l .  However, t h e s e  secondary motions of t h e  
t r a c k i n g  s i g n a l  a r e  of l i t t l e  consequence f o r  i n c i d e n t  
d e t e c t i o n .  
F igure  28 a l s o  shows f u r t h e r  u n a n t i c i p a t e d  behavior  i n  
t r a f f i c  o p e r a t i o n s  d u r i n g  an  i n c i d e n t .  Of a l l  t h e  i n c i d e n t s  
i n v e s t i g a t e d ,  t h i s  i n c i d e n t  behaved t h e  l e a s t  l i k e  t h e  
t h e o r e t i c a l  i n c i d e n t  of F i g u r e  9 .  Downstream o f  t h e  i n c i -  
d e n t  t h e  occupancy went up r a t h e r  than  down, perhaps because 
t h e  i n c i d e n t  took p l a c e  nea r  Seward where geometr ic  d i s -  
c o n t i n u i t i e s  e x i s t ,  The downstream d e t e c t a r  be ing n e a r l y  a  
mi le  away, it perhaps was o p e r a t i n g  n e a r l y  independent  of 
Seward c o n d i t i o n s .  Both volume and occupancy a t  Seward 
decreased cons ide rah ly  immediately preceding t h e  i n c i d e n t .  
These changes were n o t  s u f f i c i e n t  t o  cause  t h e  r e s p e c t i v e  
t r a c k i n g  s i g n a l s  t.o a c t i v a t e ,  b u t  they  d i d  cause  t h e  PIADS 
t o  i n c r e a s e .  The t r a c k i n g  s i g n a l s  t h u s  became l e s s  s e n s i t i v e  
FIGURE 2 8  
INCIDENT NOT DETECTED BY EXPONENTIAL 
SMOOTHING MODEL 
t o  t h e  sudden jump i n  occupancy and volume genera ted  by t h e  
i n c i d e n t  a t  4:51 p.m. One assumption made when t h e  Exponen- 
t i a l  Smoothing Model was f i r s t  cons idered  was t h a t  
immediately preceding an i n c i d e n t ,  t r a f f i c  o p e r a t i o n s  were 
remaining reasonably  c o n s i s t e n t  over  t ime. 
Various l o g i c a l  techniques  f o r  overcoming t h e s e  d e f i -  
c i e n c i e s  i n  t h e  model were cons idered .  A minor modi f i ca t ion  
would be t h e  use  of t h e  p rev ious  MAD va lue ,  r a t h e r  than  t h e  
c u r r e n t  v a l u e ,  t o  p reven t  t h e  shock wave from i n c r e a s i n g  t h e  
MAD v a l u e  a p p l i e d  t o  t h e  t r a c k i n g  s i g n a l .  O r ,  r a t h e r  than  
use  t h e  cumulat ive sum of  t h e  e r r o r s  i n  p r e d i c t i o n  f o r  t h e  
t r a c k i n g  s i g n a l ,  t h e  magnitude of t h e  c u r r e n t  e r r o r  d i v i d e d  
by t h e  MAD ( o l d  o r  new v a l u e )  could  be  used a s  t h e  s i g n a l .  
One concLusion was reached from t h i s  d a t a  t h a t  has a  
S e a r i n g  on i n c i d e n t  d e t e c t i o n  i n  g e n e r a l .  De tec t ion  capa- 
b i l i t y  i s  f a c i l i t a t e d ,  i f  t h e  t r a f f i c  v a r i a b l e  s e l e c t e d  
r e g i s t e r s  t h e  presence  of an  i n c i d e n t  wi th  a  s t r o n g  response  
of some kind.  The a c c i d e n t  i n  Figure  28 was d e t e c t e d  by 
t h e  two b e s t  T T I  models, and t h e  S t a t i o n  D i s c o n t i n u i t y  
v a r i a b l e  i s  p l o t t e d  f o r  t h e  Seward s t a t i o n .  De tec t ion  occurred  
f o r  only  a  minute b u t  parameter  response  was s h a r p ,  d i s t i n c t ,  
and s i g n i f i c a n t .  This  model d e t e c t e d  when t h e  parameter  
dropped below t h e  t h r e s h o l d  l e v e l ,  b u t  it would appear  t h a t  
d e t e c t i o n  could a l s o  have been achieved by r e g i s t e r i n g  t h e  
sudden s h i f t  i n  parameter va lues  a t  4:51 p.m. Success:Eul 
a p p l i c a t i o n  of a smoothing model, whether it be exponeintial 
o r  some o t h e r  technique,  w i l l  depend on t h e  a b i l i t y  t o  
i d e n t i f y  s i m i l a r  t r a f f i c  parameters. 
CITIZENS BAND R A D I O  AND TELEVISION 
SURVEILLANCE SYSTEM COMPARISON 
A s  d e s c r i b e d  i n  Chapter  One, comparable d a t a  on 
T e l e v i s i o n  S u r v e i l l a n c e  (TV) and C i t i z e n s  Band (CB)  i n c i -  
d e n t  d e t e c t i o n  were developed f o r  June 1969. During t h i s  
p e r i o d  a  t o t a l  of 526 i n c i d e n t s  were recorded by t h e  t e l e -  
v i s i o n  s u r v e i l l a n c e  system on weekdays from 6:00 a.m. t o  
8 :00  p . m .  Of t h e s e ,  5 5  were recorded a s  on-freeway blockages 
o t h e r  than  maintenance o p e r a t i o n s .  The average  on-freeway 
d u r a t i o n  recorded  was 7.5 minu tes ,  Of t h e s e  55 i n c i d e n t s ,  
e i g h t  (15%)  were a c c i d e n t s  i n v o l v i n g  one o r  more v e h i c l e s ,  
36 (69%)  were t h e  r e s u l t  of v e h i c l e  mechanical  f a i l u r e  and 
e i g h t  (15%)  were vo lun ta ry  s t o p s  f o r  such purposes  a s  
d i s c h a r g i n g  passengers  o r  l i t t e r  o r  s topp ing  t o  p ick  up 
f a l l e n  a r t i c l - e s .  The cause  o f  t h e  i n c i d e n t  could n o t  be 
determined i n  t h r e e  (one p e r c e n t )  c a s e s .  
The CB Network r e p o r t e d  15  i n c i d e n t s  on t h a t  p o r t i o n  
of t h e  Lodge under t e l e v i s i o n  s u r v e i l l a n c e  d u r i n g  t h e  same 
t ime p e r i o d s .  O f  t h e s e ,  two were shou lde r  i n c i d e n t s  and 
1 3  were on-freeway i n c i d e n t s ,  Eleven of t h e  on-freeway 
i n c i d e n t s  were a l s o  d e t e c t e d  by TV s u r v e i l l a n c e  whi le  two 
i n c i d e n t s ,  both  r e s u l t i n g  from v e h i c l e s  b lock ing  a  l a n e  of 
t r a f f i c ,  were not. d e t e c t e d  by TV. The 11 i n c i d e n t s ,  one 
a c c i d e n t  and t e n  l a n e  b lockages ,  r e p r e s e n t  2 0 %  of t h e  55 
on-freeway i n c i d e n t s  logged by TV. Those i n c i d e n t s  d e t e c t e d  
by CB had an average  on-freeway d u r a t i o n  of  15.3 minut.es 
compared t o  7.5 minutes f o r  t h e  TV d e t e c t e d  i n c i d e n t s .  
Based on t h e  TV l o g  n o t a t i o n  f o r  t h e  t i m e  t h e  i n c i d e n t  began, 
CB d e t e c t i o n  r e p o r t e d  i n c i d e n t s  an  average  o f  3.4 minutes 
a f t e r  TV d e t e c t i o n .  This  is d e s p i t e  t h r e e  i n s t a n c e s  of t h e  
CB d e t e c t i o n  o c c u r r i n g  f i r s t ,  i n c l u d i n g  one i n c i d e n t  dletected 
e i g h t  minutes  b e f o r e  t h e  t e l e v i s i o n  d e t e c t i o n .  The TV 
obse rve r  d i d  n o t  n o t i c e  t h i s  a c c i d e n t  u n t i l  t h e  a r r i v a l  of  
t h e  p o l i c e ,  a l e r t e d  seven minutes p r e v i o u s l y  by t h e  CB 
Network. 
I n  o r d e r  t o  e v a l u a t e  t h e  e f f e c t i v e n e s s  o f  t h e  CB 
Network, c o n s i d e r a t i o n  must be g i v e n  t o  t h e  thoroughness of 
coverage p o s s i b l e  w i t h  t h e  system. I n  June, 1969, t h e  CR 
Network c o n s i s t e d  a lmost  e n t i r e l y  of  m o t o r i s t s  w i t h  t h e i r  
own CB u n i t s  who v o l u n t a r i l y  r e p o r t e d  i n c i d e n t s  ( 3 ) .  A 
t o t a l  of 293 c a l l s  were logged i n  June f o r  t h e  17-mile 
s e c t i o n  of  t h e  Lodge Freeway from downtown D e t r o i t  t o  t h e  
i n t e r c h a n g e  a t  Telegraph Road. Ten of t h e s e  were made by 
pe r sonne l  of  t h e  ~ e t r o i t  Department o f  S t r e e t s  and Traiff ic  
which had 20 CB u n i t s  i n  p r i v a t e  employee c a r s  and d e p a r t -  
ment c a r s .  The remaining 283 c a l l s  were made by members of  
t h e  g e n e r a l  p u b l i c .  
I n  1969 an  e s t i m a t e d  17,500 CB l i c e n s e s  were owned by 
m o t o r i s t s  i n  t h e  D e t r o i t  m e t r o p o l i t a n  a r e a ,  Each l i c e n s e  
p e r m i t s  a t  l e a s t  one t r a n s m i t t e r  and one o r  more mobile 
u n i t s .  There fo re ,  an e s t i m a t e  of 17,500 CB-equipped 
v e h i c l e s  i s  probably c o n s e r v a t i v e .  I n  1968 t h e r e  were 1,944,000 
r e g i s t e r e d  motor v e h i c l e s  i n  t h e  D e t r o i t  a r e a  c o n s i s t i n g  
o f  Wayne, Oakland, and Macomb Count ies .  Thus, i t  can be 
es t ima ted  t h a t  one o u t  of every  111 v e h i c l e s  has  a  CB u n i t .  
Although t h e  usage of CB u n i t  equipped v e h i c l e s  i s  probably  
g r e a t e r  than  t h a t  of  o t h e r  v e h i c l e s ,  i t  seems r e a s o n a b l e  
t o  assume f o r  t h e  a n a l y s i s  t h a t  a t  any g iven  t ime,  v e h i c l e s  
equipped w i t h  CB r a d i o s  a r e  p ropor t ioned  throughout  t h e  
community a t  l o c a t i o n s  s i m i l a r  t o  any o t h e r  v e h i c l e s  ( f r e e -  
ways, s u r f a c e  s t reets ,  pa rk ing  l o t s ,  ga rages ,  e t c . ) .  Hence, 
w i t h  t h e  h igh  volume l e v e l s  on D e t r o i t  urban freeways,  t h e  
l i k e l i h o o d  of one o r  more v e h i c l e s  equipped w i t h  CB r a d i o s  
p a s s i n g  a freeway i n c i d e n t  s i t e  w i t h i n  a  span of  s e v e r a l  
minutes i s  q u i t e  h igh .  The above frequency of  CB u n i t s ,  
coupled w i t h  t h e  h igh  l i k e l i h o o d  of  freeway t r a v e l ,  i n d i -  
c a t e s  t h a t  CB r a d i o s  a r e  capable  of  p rov id ing  a p o t e n t i a l l y  
h igh  l e v e l  of  d e t e c t i o n  c a p a b i l i t y .  For  example, from t h e  
volume l e v e l s  p a s s i n g  an i n c i d e n t  as shown i n  F igure  1 0 ,  
it can be seen  t h a t  approximately 55 v e h i c l e s  p e r  minute 
pass  t h e  s i t e  d u r i n g  t h e  blockage.  CB-equipped v e h i c l e s  
can be assumed t o  be randomly d i s t r i b u t e d  among t h e  p a s s i n g  
v e h i c l e s .  With one i n  111 v e h i c l e s  equipped w i t h  a  CB u n i t ,  
i t  can be expected  t h a t  a  CB-equipped v e h i c l e  would pass  t h e  
scene approximately every two minutes,  an average a r r i v a l  
r a t e  of  0 .5  CB-equipped v e h i c l e s  pe r  minute. Under t h e s e  
c i rcumstances ,  t h e r e  would be a 4 0 %  p r o b a b i l i t y  t h a t  such 
a  u n i t  would pass  w i t h i n  a  minute,  a  63% p r o b a b i l i t y  w i t h i n  
two minutes ,  and a  9 2 %  chance t h a t  t h e  i n c i d e n t  would be 
seen w i t h i n  f i v e  minutes.  S ince  t h e s e  f i g u r e s  do no t  t a k e  
i n t o  account  v e h i c l e s  pass ing  i n  t h e  o p p o s i t e  d i r e c t i o n  
on t h e  Freeway o r  observing t h e  Freeway from t h e  f r o n t a g e  
road,  it i s  e v i d e n t  t h a t  a CB d e t e c t i o n  system o f f e r s  con- 
s i d e r a b l e  p o t e n t i a l ,  even wi thou t  any a d d i t i o n a l  CB 
i n s t a l l a t i o n s .  
The above p r e d i c t i o n s  assume t h a t  every CB-equipped 
v e h i c l e  d r i v e r  w i l l  r e p o r t  any on-freeway i n c i d e n t  he s e e s  
t o  t h e  s u r v e i l l a n c e  c e n t e r ,  The a c t u a l  June 1969 exper ience  
on t h e  Lodge Freeway f e l l  s h o r t  o f  t h a t  l e v e l  of r e p o r t i n g .  
Only 11 of 55 on-freeway i n c i d e n t s  were r e p o r t e d  d e s p i t e  
an  average on-freeway d u r a t i o n  of 7.5 minutes.  A s  mentioned 
e a r l i e r ,  t h e  i n c i d e n t s  d e t e c t e d  by CB had a  d u r a t i o n  of 
15.3 minutes whi le  those  missed had a  d u r a t i o n  of  6.5 minutes.  
The n e t  e f f e c t i v e n e s s  of  t h e  CB system would appear t o  
be approximately 2 0 %  of t h a t  of  t h e  TV system, Variolus 
r easons  can be g iven f o r  d r i v e r s  n o t  p a r t i c i p a t i n g  i n  t h e  
detect ion program. These include ignorance of the program's 
existence,  reluctance to  pa r t i c ipa te ,  d i f f i c u l t y  i n  making 
contact with the survei l lance center,  lack of i n t e r e s t  or  
use of the CB un i t  f o r  another purpose. 
I n  summary, the te levis ion survei l lance proved t o  be 
a  more thorough detect ion system. Considering the high cost  
and the p o s s i b i l i t y  of observer mistake because of the 
tedium involved i n  such a  system as  was operating i n  Detroi t ,  a  
several  times la rger  CB survei l lance system of fe r s  a 
potent ia l ly  comparable l eve l  of surveil lance.  
POLICE RESPONSE 
Taking the sample of 293  CR c a l l s  logged f o r  the 
e n t i r e  Lodge Freeway during June 1 9 6 9 ,  the reasons given 
f o r  ca l l ing  were: 
Accidents 4 7  c a l l s  
Other on- 
freeway 
incidents  5 3  c a l l s  
Other incidents  29  c a l l s  
Information 
requested or  
volunteered 1 6 4  c a l l s  55% 
Discounting multiple c a l l s  f o r  some incidents ,  a  t o t a l  of 111 
repor ts  were made, 1 1 0  t o  the appropriate police agency 
and one t o  the Detroit  F i re  Department. Based on te levis ion  
logs for those CB incidents taking place during television 
surveillance, police response time was 3.7 minutes, as 
compared to '7.6 minutes when the television observer miade 
the notification. 
Of the 526 incidents observed by the TV system, t:he 
police were notified 20 times. Three calls were later 
cancelled and in five cases a police vehicle did not stop 
at the scene. In these cases, a police unit probably 




INTERPRETATION, APP'KAI'SAL,' 'APPLICATION 
DETECTION OF CAPACITY-REDUCING INCIDENTS BY 
TRAFFIC STREAM MEASUREMENTS 
This r e s e a r c h  e f f o r t  has been l i m i t e d  t o  t h e  use  (of 
macroscopic freeway t r a f f i c  c h a r a c t e r i s t i c s  f o r  t h e  de tec-  
t i o n  of on-freeway capaci ty-reducing i n c i d e n t s .  These 
c h a r a c t e r i s t i c s  c o n s i s t  of one minute i n d i v i d u a l  l a n e  volumes 
a t  each freeway d e t e c t o r  s t a t i o n  and one minute average l a n e  
pe rcen t  occupancies.  One of  t h e  d e t e c t i o n  models, t h e  
S t a t i o n  Discon t inu i ty  Model, considered i n d i v i d u a l  l a n e  
c h a r a c t e r i s t i c s  i n  t h e  form of  k i n e t i c  e n e r g i e s ,  whi le  t h e  
o t h e r  s i x  models employed t o t a l  s t a t i o n  volumes and average 
s t a t i o n  occupancies.  The models a l l  used e i t h e r  t h e  b a s i c  
volume o r  occupancy time streams o r  s imple func t ions  of 
t h e s e  v a r i a b l e s  t o  form speed o r  k i n e t i c  energy a s  t r a f f i c  
v a r i a b l e s  which would change i n  a  s i g n i f i c a n t  and p r e d i c t a b l e  
manner t o  i n d i c a t e  t h e  presence of  an i n c i d e n t .  
Apart from t h e  de terminat ion  of t h e  e f f e c t i v e n e s s  of  
t h e s e  va r ious  models i n  d e t e c t i n g  i n c i d e n t s ,  t h i s  s tudy has 
i n d i r e c t l y  r e s u l t e d  i n  more knowledge about  t h e  manner of 
t r a f f i c  response t o  a  capaci ty-reducing i n c i d e n t .  These 
f i n d i n g s  are summarized i n  Figure 29.  
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Spec i f i c  t o  
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REVIEW OF INDIVIDUAL DETECTION 
MODEL PERFORMANCE 
The concepts  of  L i g h t h i l l  and Whitham have been used 
t o  c r e a t e  t h e  h y p o t h e t i c a l  s i t u a t i o n  (dep ic ted  a t  t h e  t o p  
of F igure  2 9 )  of conges t ion  upstream of an  i n c i d e n t  and 
reduced flow downstream ( 2 9 )  . R e l a t i v e  t o  c o n d i t i o n s  'before 
t h e  i n c i d e n t ,  occupancy i s  h i g h e r  upstream than  be fo re  t h e  
i n c i d e n t  and lower downstream. The changes genera ted  by an 
i n c i d e n t  a r e  n o t  recorded by on-freeway d e t e c t o r s  u n t i l  
s t a t e  change shock waves pass  t h e  upstream and downstream 
d e t e c t o r  s t a t i o n s .  Thus, t h e  minimum p o s s i b l e  time l a g  f o r  
automat ic  i n c i d e n t  d e t e c t i o n  i s  a f u n c t i o n  of t h e  spacing 
of t h e  d e t e c t o r s .  However, spacing of d e t e c t o r s  does n o t  
appear  t o  be a  f a c t o r  i n  t h e  a b i l i t y  of  automat ic  d e t e c t i o n  
models t o  d e t e c t  i n c i d e n t s .  
The Modified C a l i f o r n i a  Model depends on t h e  above 
sequence of  occupancy changes over  space and time f o r  i n c i -  
d e n t  d e t e c t i o n .  Consequently,  t h e  performance of t h i s  model 
i s  one i n d i c a t i o n  of t h e  v a l i d i t y  of t h e  g e n e r a l  model.. I n  
each subsystem, i n c i d e n t s  e i t h e r  were s u c c e s s f u l l y  d e t e c t e d  
by t h e  Modified C a l i f o r n i a  Model o r  t h e  model responded 
p roper ly  but. w i t h  i n s u f f i c i e n t  s e n s i t i v i t y  approximately 80% 
of t h e  time. Thus, i n  a t  l e a s t  f o u r  o u t  of  f i v e  c a s e s  t h i s  
conges t ion  forms a recogn izab le  p a t t e r n  t h a t  i s  d i s t i n c t i v e  
of  capaci ty- reducing i n c i d e n t s  and t h u s  amenable t o  d e t e c t i o n .  
The relative performance of the seven candidate detec- 
tion models evaluated in this study is reviewed in Figure 29 
and the models ranked in order of effectiveness. The 
Exponential Smoothing Model is excluded from the chart 
because it was not evaluated as fully as the others. The 
results demonstrate the feasibility of incident detection 
by means of traffic stream measurements, for the better 
models detect a majority of the on-freeway incidents up to 
a 96% level of effectiveness. 
The Composite Model, representing the combination of 
thc Station and Subsystem Discontinuity Models, achieved 
the 9 6 8  level of detection. This, however, was accompanied 
by a two percent false alarm rate, the highest of any model. 
The Station Discontinuity Model detected 90% of the incidents 
with a one percent false alarm rate. The Modified California 
Model is ranked third despite its inconsistent subsystem 
performance as it appears that the model is capable of 
detecting some 80% of the incidents with a minimal false 
alarm rate. 
The subsystem models in general, and particularly the 
Modified California Model, were less effective in the sub- 
system containing a geometric discontinuity in the form of 
a lane drop. The truly effective models include the Sub- 
system Discontinuity Model with a 74% level of effectiveness. 
Although s i g n i f i c a n t l y  l e s s  e f f e c t i v e  t h a n  t h e  S t a t i o n  
D i s c o n t i n u i t y  Model, t h i s  model i s  independent  of  it i n  
performance and may be  amenable t o  f u r t h e r  m o d i f i c a t i o n s  
t o  improve performance. The remaining models performed 
reasonably  w e l l ,  b u t  s i n c e  they a r e  d i s t i n c t l y  i n f e r i o r  t o  
t h e  above models, they  a r e  dropped from f u r t h e r  c o n s i d e r a t i o n .  
A set  o f  f o u r  c a n d i d a t e  d e t e c t i o n  models w i t h  performance 
l e v e l s  r ang ing  from 7 4 %  t o  9 6 %  and f a l s e  a larm r a t e s  of up 
t o  two p e r c e n t  remain f o r  f u r t h e r  a n a l y s i s .  
The i n c o n s i s t e n t  d e t e c t i o n  performance of t h e  Modified 
C a l i f o r n i a  Model r ecorded  i n  t h i s  r e s e a r c h  makes it imposs ib le  
t o  compare i t  w i t h  t h e  Composite Model i n  terms o f  t h e  
t r ade -of f  between p r o p o r t i o n  of  i n c i d e n t s  d e t e c t e d  and t h e  
f a l s e  a larm r a t e .  I t  seems t h a t  t h e  f a l s e  alarm r a t e  can 
be  cons ide rab ly  reduced w i t h  t h e  C a l i f o r n i a  Model a t  some 
c o s t  i n  performance and perhaps  a  c o n s i d e r a b l e  c o s t  i f  
op t ima l  performance cannot  always be  achieved,  a s  was t h e  
c a s e  i n  t h i s  s tudy .  The r e l a t i v e  c o s t  of  f a l s e  a larms and 
i n c i d e n t  d e t e c t i o n  f a i l u r e s  and time l a g s  cou ld  then  s e r v e  
a s  a  means of  s e l e c t i n g  t h e  p r e f e r r e d  model. 
F u r t h e r  i n s p e c t i o n  o f  F i g u r e  29  r e v e a l s  t h a t  a  d i s -  
t i n g u i s h i n g  c h a r a c t e r i s t i c  of  t h e  b e t t e r  models i s  t h e  
a b i l i t y  t o  d i f f e r e n t i a t e  between conges t ion  caused by capac i ty -  
r educ ing  i n c i d e n t s  and normal, r e c u r r i n g  d a i l y  conges t ion .  
I t  has  a l r e a d y  been demonstrated by t h e  very  low r a t e  of 
f a l s e  alarms and h igh  l e v e l  of  d e t e c t i o n  t h a t  t h e  C a l i f o r n i a  
Model d e t e c t s  conges t ion  t h a t  i s  s p e c i f i c  t o  i n c i d e n t  
s i t u a t i o n s .  To a  somewhat l e s s e r  e x t e n t  t h i s  i s  a l s o  t r u e  
of  t h e  S t a t i o n   isc continuity Model. Lane blockage i s  
c e r t a i n l y  c h a r a c t e r i s t i c  of capaci ty- reducing i n c i d e n t s  a s  
d e p i c t e d  i n  F igure  29 .  The S t a t i o n  D i s c o n t i n u i t y  Model 
d e t e c t s  e i t h e r  t h e  presence  of s topped o r  slow-moving v e h i c l e s  
upstream of t h e  blocked l a n e  o r  d i s p r o p o r t i o n a t e l y  few 
v e h i c l e s  i n  t h e  blocked l a n e  downstream. Thus, both  t h e  
Composite Nodel and t h e  Modified C a l i f o r n i a  Model a r e  capable  
of d i s t i n g u i s h i n g  t h e  c h a r a c t e r i s t i c s  of capaci ty- reducing 
i n c i d e n t s  from o t h e r  f low p e r t u r b a t i o n s ,  t h e  C a l i f o r n i a  Model 
more s o ,  a s  i n f e r r e d  from t h e  s m a l l e r  f a l s e  alarm r a t e .  
The two models, a l though somewhat d i f f e r e n t  i n  de tec-  
t i o n  l e v e l s ,  a r e  a l s o  comparable i n  t h e  time t o  i n i t i a l  
d e t e c t i o n .  The average t ime l a g  f o r  t h e  C a l i f o r n i a  Model i s  
0 . 9 6  minute wi th  a  s t a n d a r d  d e v i a t i o n  of 1.31 minutes,  whi le  
t h e  Composite Model has  a  t ime l a g  of  0.81 minute and a  
s t andard  d e v i a t i o n  of 2 .10  minutes.  Thus, d e t e c t i o n  i s  
c o n s i s t e n t l y  prompt f o r  both  models, wi th  v i r t u a l l y  a l l  
d e t e c t i o n s  t a k i n g  p l a c e  e i t h e r  t h e  minute of  f i r s t  n o t i c e a b l e  
conges t ion  ( z e r o  time l a g )  o r  one o r  two minutes a f t e r .  
This  i s  a h igh ly  d e s i r a b l e  a t t r i b u t e  f o r  models in tended f o r  
i n c o r p o r a t i o n  i n  r e a l - t i m e  s u r v e i l l a n c e  c o n t r o l .  
The Modified C a l i f o r n i a  Model has a  terminat ion l o g i c  
based on downstream occupancy l e v e l s  r e tu rn ing  t o  t h e  l e v e l s  
preceding t h e  i n c i d e n t  f o r  t h e  f i r s t  time. This accura te ly  
s i g n a l s  t h e  end of i n c i d e n t  congestion f o r  every success fu l  
de tec t ion .  The Composite Model, wi th  no formal provis ions  
f o r  terminat ion l o g i c ,  y ie lded a  success fu l  terminatio:n f o r  
75% of t h e  de tec ted  inc iden t s  based only on c r i t i c a l  threshold 
values  f o r  d e t e c t i o n  being recrossed.  However, a  logilc 
s i m i l a r  t o  t h a t  employed by t h e  Modified C a l i f o r n i a  Model 
appears t o  be a  u se fu l  add i t i on  t o  t h e  Composite Model. 
Again, knowledge of t h e  terminat ion time i s  a  d e s i r a b l e  
a t t r i b u t e  f o r  incorpora t ion  i n  real - t ime su rve i l l ance  cont ro l .  
Once a  d e t e c t i o n  s i g n a l  has been received,  t h e  magnitude 
of t he  capac i ty  reduc t ion  must be es t imated from t h e  volume 
and occupancy inpu t s  received by t h e  c e n t r a l  computer. This 
i s  not  as  s t ra igh t forward  a s  i t  might seem owing t o  thle 
v a r i a b i l i t y  of t he se  t r a f f i c  c h a r a c t e r i s t i c s  over time, 
p a r t i c u l a r l y  i n  t h e  per iod immediately following t h e  inc iden t .  
A b e t t e r  es t imate  of t h e  impact, however, may be provided 
by the  app l i ca t ion  of smoothing techniques such as  moving 
averages once a  d e t e c t i o n  has been s igna led .  
The averaging of t r a f f i c  v a r i a b l e s  may a l s o  be of 
b e n e f i t  i n  t h e  d e t e c t i o n  l o g i c  a s  a  s u b s t i t u t e  f o r  deplending 
s t r i c t l y  on d a t a  f o r  one o r  two previous minutes. Thus, a  
moving average  of  p r e v a i l i n g  occupancy b e f o r e  an  i n c i d e n t  
may s e r v e  t o  be a  more s a t i s f a c t o r y  i n p u t  t o  t h e  termina- 
t i o n  l o g i c  than  an occupancy v a l u e  f o r  a  s i n g l e  minute.  The 
use  of smoothing t echn iques  t o  y i e l d  an  e s t i m a t e  o f  t h e  
r e a l - t i m e  v a r i a n c e  of a  t r a f f i c  v a r i a b l e  may s e r v e  a s  t h e  
b a s i s  f o r  t h e  development of more f l e x i b l e  d e t e c t i o n  
t h r e s h o l d  parameters ,  p a r t i c u l a r l y  f o r  t h e  Composite Model. 
A s  d i s c u s s e d  i n  Chapter  Two, t h i s  may p rov ide  a  means f o r  
reducing t h e  f a l s e  alarm r a t e  f o r  t h i s  model. Other  modi- 
f i c a t i o n s  can d o u b t l e s s  be a p p l i e d  t o  e i t h e r  model, and on- 
l i n e  e v a l u a t i o n  should  s e r v e  t o  d e l i n e a t e  t h e  more d e s i r a b l e  
changes. 
Both t h e  Composite and Modified C a l i f o r n i a  Models a r e  
cons idered  s u i t a b l e  f o r  r e a l - t i m e  i n c i d e n t  d e t e c t i o n  on 
freeways where s u r v e i l l a n c e  p r o j e c t s  s i m i l a r  t o  t h a t  on t h e  
John C. Lodge Freeway a r e  i n  o p e r a t i o n .  The e s s e n t i a l  
equipment which must be  p r e s e n t  f o r  t h e  use  of t h e s e  models 
c o n s i s t s  of t r a f f i c  d e t e c t o r s  capab le  of  r e c o r d i n g  both  
volume and occupancy f o r  each l a n e  of t r a f f i c  a t  a  s t a t i o n  
and a  d i g i t a l  computer capab le  of  p r o c e s s i n g  and i n t e r -  
p r e t i n g  t h e  in fo rmat ion  o b t a i n e d  by t h e  d e t e c t o r s .  
The Modified C a l i f o r n i a  Model l o c a t e s  an i n c i d e n t  w i t h i n  
a  s p e c i f i c  subsystem. The Composite Model, i n  most c a s e s ,  
l o c a t e s  t h e  i n c i d e n t  t o  t h e  n e a r e s t  s t a t i o n  upstream. However, 
i n  a  few c a s e s ,  t h i s  l a t t e r  model l o c a t e s  t h e  i n c i d e n t  very 
c l o s e  t o  t h e  n e a r e s t  downstream s t a t i o n ,  
The performance l e v e l s  of  t h e s e  models a r e  a p p l i c a b l e  
t o  t h e  evening peak p e r i o d ,  t h e  o n l y  p o r t i o n  of  t h e  day 
s t u d i e d .  I n  g e n e r a l ,  t h e  models can be expected  t o  perform 
w e l l  only  i n  t h o s e  s i t u a t i o n s  where freeway c a p a c i t y  a t  t h e  
i n c i d e n t  l o c a t i o n  i s  reduced t o  l e s s  than  t h e  p r e v a i l i n g  
t r a f f i c  demand. I n  t h i s  s t u d y ,  volumes preceding t h e  i n c i -  
d e n t s  ranged from 3600 t o  6000 v e h i c l e s  per  hour ,  and d e n s i t i e s  
ranged from 80 t o  250 v e h i c l e s  p e r  mile. Pogust  cons ide red  
t h a t  d e t e c t i o n  by means of  t r a f f i c  s t r eam measurements 
would be  i n e f f e c t i v e  f o r  d e n s i t i e s  of less t h a n  60 v e h i c l e s  
p e r  mi le  ( 3 7 ) .  Such a low d e n s i t y  was n o t  observed i n  t h i s  
s t u d y ,  b u t  it i s  noted  t h a t  model performance was unimpaired 
a s  d e n s i t i e s  approached t h i s  l e v e l .  I t ,  t h e r e f o r e ,  cannot  
be  concluded t h a t  t h e s e  models w i l l  be c o n s t r a i n e d  by t h e  
l i m i t  s e t  by Pogust.  The S t a t i o n  D i s c o n t i n u i t y  Model i n  
most c a s e s  r e q u i r e s  that conges t ion  i n  t h e  blocked l a n e  extend 
a t  l e a s t  t o  t h e  n e a r e s t  upstream d e t e c t o r  s t a t i o n .   his 
does n o t  n e c e s s a r i l y  imply t h a t  demand exceeds c a p a c i t y ,  b u t  
on ly  t h a t  s u f f i c i e n t  numbers o f  v e h i c l e s  exper ience  enough 
d i f f i c u l t y  i n  l e a v i n g  t h e  blocked l a n e  t h a t  a s i n g l e  l a n e  
o f  conges t ion  i s  c r e a t e d .  
INCORPORATION OF INCIDENT DETECTION LOGIC 
I N T O  FREEWAY SURVEILLANCE AND CONTROL 
The o b j e c t i v e  o f  freeway s u r v e i l l a n c e  and c o n t r o l  i s  
t h e  maintenance of a  d e s i r e d  l e v e l  o f  s e r v i c e  a t  a l l  p o i n t s  
a long  a  freeway. Measures f o r  t h e  d e t e c t i o n  of capac i ty -  
r educ ing  i n c i d e n t s  can e i t h e r  s e r v e  a s  a  u s e f u l  a d j u n c t  t o  
s u r v e i l l a n c e  c o n t r o l  o r  be  t h e  c e n t r a l  o b j e c t i v e  of t h e  
s u r v e i l l a n c e  e f f o r t  a s  i s  t h e  c a s e  wi th  t h e  Los Angeles 
Freeway S u r v e i l l a n c e  System ( 4 2 ) .  I n  e i t h e r  c a s e ,  t h e  
r e l a t i v e l y  f r e q u e n t  occur rence  of  i n c i d e n t s ,  and t h e  o f t e n  
s e v e r e  impact  they  have on freeway o p e r a t i o n s ,  i n d i c a t e  t h a t  
p r o v i s i o n s  f o r  d e t e c t i o n  a r e  necessary  t o  ma in ta in  s u r v e i l l a n c e  
f l e x i b i l i t y .  
The r o l e  of  i n c i d e n t  d e t e c t i o n  i n  freeway s u r v e i l l a n c e  
c o n t r o l  i s  i n d i c a t e d  i n  F i g u r e  3 0 ,  s u r v e i l l a n c e  commences 
w i t h  t h e  g a t h e r i n g  of r e a l - t i m e  t r a f f i c  demand d a t a  a t  p o i n t s  
o r  s t a t i o n s  a long  t h e  freeway. For t h e  John C.  Lodge 
Freeway i n  D e t r o i t ,  t h e s e  d a t a  a r e  i n  t h e  form o f  one minute 
s t a t i o n  volumes and average  occupancies  by s t a t i o n .  Another 
impor tan t  i n p u t  i s  weather  c o n d i t i o n s ,  p a r t i c u l a r l y  t h e  
p resence  of  p r e c i p i t a t i o n .  Capaci ty  r e d u c t i o n s  o f  up t o  
e i g h t  p e r c e n t  have been observed dur ing  r a i n y  c o n d i t i o n s  on 
t h e  Lodge Freeway ( 2 7 ) .  The p resence  o f  r a i n  a l s o  r e q u i r e s  
t h e  m o d i f i c a t i o n  of  t h e  d e t e c t i o n  parameters  used by t h e  
d e t e c t i o n  models e v a l u a t e d  i n  t h i s  r e p o r t .  
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The n e x t  s t a g e  i n  s u r v e i l l a n c e  i s  t h e  i n t e r p r e t a t i o n  
o f  t h e  demand d a t a .  The pu rpose  of t h e  s u r v e i l l a n c e  e f f o r t  
i s  t o  p r e v e n t  t h e  development  o f  b o t t l e n e c k  s i t u a t i o n s ,  b u t  
i n  t h e  e v e n t  t h e y  do t a k e  p l a c e ,  a n  e f f e c t i v e  c o n t r o l  
s t r a t e g ; ~  w i l l  l e s s e n  t h e i r  e f f e c t s  by r e d u c i n g  demand up- 
s t r e a m  o f  t h e  b o t t l e n e c k .  S i m i l a r l y ,  t h e  d e t e c t . i o n  o f  
capac i ty - - r educ ing  i n c i d e n t s  n e c e s s i t a t e s  t h e  r e d u c t i o n  o f  
ups t ream demand t o  r e t a r d  t h e  growth of  c o n g e s t i o n  and d e l a y  
t o  f reeway u s e r s .  
I t  i s  h e r e  t h a t  t h e  advan tages  of  i n c i d e n t  d e t e c t i o n  
by means of  t r a f f i c  s t r e a m  measurements becomes a p p a r e n t .  
S t ream f l o w  d a t a  p r o v i d e  t h e  i n p u t s  r e q u i r e d  f o r  a p p l i c a t i o n  
o f  t h e  a p p r o p r i a t e  c o n t r o l  measu re s ,  i n  p a r t i c u l a r ,  t h e  
s e v e r i t y  o f  t h e  c a p a c i t y  r e d u c t i o n ,  i n  a fo rma t  t h a t  i s  
d i r e c t l y  u s e f u l  t o  t h e  s u r v e i l l a n c e  computer.  Fu r the rmore ,  
c o n t r o l  measures  can  b e  unde r t aken  immedia te ly  and au to -  
m a t i c a l l y  w i t h o u t  t h e  i n e v i t a b l e  t ime  l a g  i m p l i c i t  i n  any 
d e t e c t i o n  scheme i n v o l v i n g  human i n t e r v e n t i o n .  A l s o ,  s i n c e  
d e t e c t i o n  i s  based  on t r a f f i c  s t r e a m  measurements ,  t h e  d e t e c -  
t i o n  l o g i c  s e r v e s  a s  a  dec i s ion-maker  f o r  t h e  s u r v e i l l a n c e  
c o n t r o l l e r  by d e t e c t i n g  o n l y  t h o s e  i n c i d e n t s  t h a t  s i g n i f i -  
c a n t l y  a f f e c t  t r a f f i c  o p e r a t i o n s .  
When freeway demand exceeds c a p a c i t y  a t  some p o i n t  t h e  
s u r v e i l l a n c e  system responds e i t h e r  by s t o r i n g  t h e  excess  
demand o r  d i v e r t i n g  excess  demand away from t h e  freeway. 
Demand s t o r a g e  i s  accomplished by means of  e n t r a n c e  ramp 
meter ing  of  v e h i c l e s  seeking t o  e n t e r  t h e  freeway i n  t h e  
a f f e c t e d  s e c t i o n s .  Both t h e  spacing o u t  of  e n t e r i n g  v e h i c l e s  
over  time and t h e  p r o v i s i o n  o f  a c c e p t a b l e  gaps i n  t h e  
shou lde r  l a n e  t r a f f i c  s t ream f o r  merging have b e n e f i c i a l  
e f f e c t s  on freeway o p e r a t i o n s .  Those v e h i c l e s  queued a t  
t h e  ramps because t h e  ramp demand exceeds t h e  meter ing  r a t e  
r e p r e s e n t  s t o r e d  demand which i s  allowed o n t o  t h e  freeway 
a f t e r  some de lay .  This  can be an e f f e c t i v e  way t o  reduce 
demand upstream of freeway conges t ion  i f  s u f f i c i e n t  e n t r a n c e  
ramps a r e  metered and meter ing  r a t e s  can be s e t  low enough. 
On t h e  Lodge Freeway, a  c o n s i d e r a b l e  p r o p o r t i o n  of  t h e  on- 
freeway demand e n t e r e d  upstream of  t h e  s u r v e i l l a n c e  s e c t i o n  
and could  no t  be  a f f e c t e d  by such e f f o r t s .  
The o t h e r  means f o r  r educ ing  freeway demand i s  by 
d i v e r s i o n  of freeway t r a f f i c  around o r  away from t h e  con- 
g e s t e d  s e c t i o n .  Ramp meter ing  accomplishes t h i s  t o  a  c e r t a i n  
e x t e n t  by d i v e r t i n g  p o t e n t i a l  freeway u s e r s ,  p a r t i c u l a r l y  
t h o s e  w i t h  s h o r t  freeway t r i p s  who choose t o  avoid  t h e  d e l a y s  
a t  metered ramps. To f u r t h e r  encourage d i v e r s i o n  and promote 
t h e  i n c r e a s e d  use  of uncongested freeway s e c t i o n s ,  both  
t h e  Texas  rans sport at ion I n s t i t u t e  i n  1 9 6 8  and The Univers i ty  
of Michigan i n  1969 i n s t a l l e d  dynamic ramp c o n d i t i o n  
in fo rmat ion  s i g n s  a long a convenient  s u r f a c e  s t r e e t  a l t e r n a t e  
r o u t e  t o  t h e  Lodge Freeway ( 1 0 ,  4 0 ) .  Dr ive r s  approaching 
t h e  v i c i n i t y  of each metered e n t r a n c e  ramp were informed of 
t h e  e x i s t e n c e  of uncongested downstream e n t r a n c e  ramps 
should t h e  a d j a c e n t  ramp be congested o r  advised  t o  con t inue  
a long t h e  a l t e r n a t e  r o u t e  should a l l  t h e  ramps d i s p l a y e d  on 
a p a r t i c u l a r  s i g n  be conges ted .  The s i g n  messages were 
keyed t o  ramp conges t ion ,  b u t  conges t ion  was d i r e c t l y  r e l a t e d  
t o  conges t ion  on t h e  freeway. Thus t h e  s i g n  network se rved  
a s  a  means f o r  d i s t r i b u t i n g  some demand p a s t  t h e  conges t ion  
v i a  t h e  s u r f a c e  s t r e e t s .  A survey of  p u b l i c  a t t i t u d e s  toward 
t h e  s i g n s  i n s t a l l e d  by The Univers i ty  of !Iichigan showed t h a t  
4 1 %  claimed t o  use  t h e  s i g n s  and 2 7 %  would avoid t h e  freeway 
a l t o g e t h e r  i f  a  s i g n  i n d i c a t e d  a l l  e n t r a n c e  ramps congested 
( 4 0 )  
I t  i s  f e l t  t h a t  t h i s  s o r t  of a l t e r n a t e  r o u t e  network 
can be i n t e g r a t e d  e f f e c t i v e l y  i n t o  t h e  c o n t r o l  response  t o  
a  capaci ty- reducing i n c i d e n t .  The presence  of an i n c i d e n t  
i s  l i k e l y  t o  c r e a t e  c o n s i d e r a b l e  excess  freeway c a p a c i t y  
downstream which can be used t o  advantage i n  op t imiz ing  
freeway c o r r i d o r  o p e r a t i o n s  i f  t h e  means a r e  a v a i l a b l e  f o r  
d i v e r t i n g  freeway demand t o  t h e s e  s e c t i o n s  whi le  t h e  i n c i d e n t  
i s  i n  p r o g r e s s ,  P l o t s  of downstream volumes dur ing  t h r e e  
i n c i d e n t s  a t  va ry ing  times of t h e  peak pe r iod  a r e  p resen ted  
i n  F igure  31. The cons ide rab le  amounts of a v a i l a b l e  down- 
s t ream freeway c a p a c i t y  a r e  e v i d e n t ,  The shaded a r e a s  
r e p r e s e n t  t h e  s t o r e d  demand upstream of t h e  i n c i d e n t .  For 
t h e  i n c i d e n t  of long d u r a t i o n  i n  t h e  upper p a r t  of F igure  3 1 ,  
dur ing  which t ime freeway t r a f f i c  was s topped by t h e  p o l i c e  
f o r  s e v e r a l  minutes,  over  1000 v e h i c l e s  were prevented from 
pass ing  t h e  downstream d e t e c t o r  s t a t i o n  between 3:14 a~nd 
3:35 p.m. 
The h igh l e v e l  of s e r v i c e  a v a i l a b l e  f o r  freeway u s e r s  
beyond t h e  i n c i d e n t  can be  u t i l i z e d  by g e n e r a t i n g  demand f o r  
t h e  a v a i l a b l e  c a p a c i t y  downstream, I n  t h e  c o n t r o l  system 
t h i s  i s  accomplished by assuming t h a t  demand i s  l a r g e  and 
by a d j u s t i n g  t h e  meter ing  r a t e s  a t  en t rance  ramps. Without 
p r o v i s i o n s  f o r  i n c i d e n t  d e t e c t i o n ,  some demand r e d i s t r i b u t i o n  
w i l l  t a k e  p l a c e  i f  t h e  meter ing  r a t e  i s  responsive  t o  f r e e -  
way c o n d i t i o n s .  Fewer v e h i c l e s  upstream of t h e  i n c i d e n t  
w i l l  be allowed t o  e n t e r  because of conges t ion  and more 
v e h i c l e s  downstream because of  t h e  reduced f lows.  
The d e s i r e d  demand r e d i s t r i b u t i o n  can be achieved by 
informing p o t e n t i a l  ramp u s e r s  of conges t ion  s p e c i f i c i ~ ~ l l y  
caused by an i n c i d e n t  by ramp c o n d i t i o n  informat ion  s i g n s  

o r  v a r i a b l e  message s i g n s ,  Metering r a t e s  upstream can be 
more accep tab ly  reduced,  o r  t h e  ramps c l o s e d ,  i f  t h e  reason 
i s  an  i n c i d e n t  and d r i v e r s  a r e  made aware of  t h i s  through 
t h e  s i g n i n g  system. Concurrent ly ,  d r i v e r s  can be advised  
t o  proceed a long a l t e r n a t e  r o u t e s  wi th  t h e  knowledge t h a t ,  
whatever t h e  downstream o p e r a t i o n s  a r e  a t  p r e s e n t  (on- 
freeway t r a f f i c  t h a t  had passed  b e f o r e  t h e  i n c i d e n t  began) 
downstream c a p a c i t y  w i l l  be a v a i l a b l e  by t h e  t ime t h e  
d iver ted  d r i v e r s  r each  t h e  downstream e n t r a n c e  ramps. Th i s ,  
of course, can be accomplished o n l y  i f  immediate response  i s  
made by t h e  s u r v e i l ~ a n c e  c o n t r 0 E l e r  t o  t h e  i n c i d e n t .  
Once an i n c i d e n t  has  begun, demand a t  downstream s t a t i o n s  
w i l l  s l acken  w i t h i n  minutes.  To f u l l y  u t i l i z e  t h i s  excess  
c a p a c i t y  t h e r e  must be immediate d i v e r s i o n  of upstream 
v e h i c l e s  t o  t h e  s u r f a c e  s t r e e t s .  Again, an advantage of 
d e t e c t i o n  schemes based on t r a f f i c  s t ream i n p u t s  over  t h e  
o t h e r  methods shown i n  Table l i s  e v i d e n t .  A s  can be seen  
from t h e  v a r i a b l e  flow downstream of i n c i d e n t s  d e p i c t e d  
i n  F igure  31, t h e  reduced flow l eve l  can s t i l l  on ly  be 
approximated. Even t h i s ,  however, i s  more in fo rmat ion  than  
can be s u p p l i e d  by o t h e r  d e t e c t i o n  methods. I n  an o p e r a t i o n a l  
c o n t r o l  scheme, i n i t i a l  e s t i m a t e s  of  t h e  r e d u c t i o n  would be  
updated w i t h  moving averages  shou ld  t h e  i n c i d e n t  prove of 
long d u r a t i o n .  Survei . l lance response  would t h u s  c o n s i s t  of 
d r a s t i c  adjus tment  i n  t he  meter ing  r a t e s  upon r e c e i p t  of 
a d e t e c t i o n  s i g n a l ,  t h e  r o u t i n g  of  ramp demand p a s t  t h e  
i n c i d e n t  by means of dynamic r o u t i n g  s i g n s  on t h e  s u r f a c e  
s t r e e t s ,  and perhaps ,  a f t e r  a  conf i rmatory  t ime l a g ,  d i r e c t  
n o t i f i c a t i o n  t o  d r i v e r s  of t h e  presence  o f  an  i n c i d e n t .  The 
l a t t e r  may be  necessa ry  t o  avoid  l o s s  of f a i t h  i n  t h e  system 
should  i t  "cry  wolf"  t o o  o f t e n ,  
That  t h i s  d i v e r s i o n  o f  demand moves toward t h e  o p t i -  
miza t ion  of freeway c o r r i d o r  o p e r a t i o n s  i s  seen  when it  
i s  cons ide red  t h a t  d u r i n g  much of t h e  peak p e r i o d  t h e  f r e e -  
way i s  o p e r a t i n g  a t  nea r  c a p a c i t y  l e v e l s .  A f t e r  an i n c i d e n t  
i s  removed from t h e  freeway,  t h e  conges t ion  genera ted  by t h e  
i n c i d e n t  i s  slow t o  d i s s i p a t e  if t h e  demand l e v e l  remains 
n e a r l y  t h e  same as t h e  capaci%y. The g e n e r a l  n e t  r e s u l t  i s  
an e x t e n s i o n  of t h e  p e r i o d  of  peak conges t ion  u n t i l  demand 
l e v e l s  f a l l  below c a p a c i t y  a t  t h e  downstream end of  t h e  
congested s e c t i o n .  I t  was f o r  t h i s  reason t h a t  Desai found 
i n c i d e n t s  o c c u r r i n g  e a r l i e r  i n  t h e  peak pe r iod  t o  be f a r  
more d i s r u p t i v e  of  f low because of t h e  Longer p e r i o d  of  d i s -  
r u p t i o n  t e rmina ted  o n l y  when peak pe r iod  demand s lackened 
S u r v e i l l a n c e  c o n t r o l  i n  response  t o  an i n c i d e n t ,  then ,  
can reduce  t h e  demand c o n t r i b u t e d  by e n t r a n c e  ramp t r a f f i c  
upstream of t h e  i n c i d e n t .  These v e h i c l e s ,  which would have 
exper ienced c o n s i d e r a b l e  e n t r a n c e  ramp and on-freeway d e l a y ,  
a r e  d i v e r t e d  i n s t e a d  a long  s u r f a c e  s t r e e t s  t o  an  e n t r y  p o i n t  
on t h e  freeway w i t h  a  h igh  l e v e l  of s e r v i c e .  I f  t h i s  
d i v e r s i o n  i s  s i g n i f i c a n t  i n  numbers, t h e  n e t  e f f e c t  f o r  
t h e  freeway i s  t o  reduce  t h e  s e v e r i t y  of impact  of  t h e  i n c i -  
d e n t  and t h e  d u r a t i o n  of  t h e  peak p e r i o d  of  conges t ion .  
S i n c e  on- l ine  exper imenta t ion  w i t h  t h e  d e t e c t i o n  mlethods 
e v a l u a t e d  i n  t h i s  r e p o r t  were n o t  conducted,  p l a n s  f o r  
measuring a c t u a l  s u r v e i l l a n c e  response  t o  i n c i d e n t s  were 
never  implemented. However, a l l  of t h e  necessa ry  equipment 
e x c e p t  f o r  dynamic s i g n s  s p e c i f i c a l l y  informing d r i v e r s  of 
i n c i d e n t  s i t u a t i o n s  e x i s t e d  i n  1969 i n  t h e  Lodge Freeway 
Cor r idor .  This  inc luded  a network o f  e i g h t  metered e n t r a n c e  
ramps r e s p o n s i v e  t o  freeway t r a f f i c  c o n d i t i o n s ,  corresponding 
ramp c o n d i t i o n  in fo rmat ion  s i g n s  t o  d i r e c t  ramp u s e r s  t o  
uncongested ramps, and dynamic t r a i l b l a z e r  s i g n s  a long  
a d j a c e n t  a r t e r i a l s  which were d i r e c t l y  l i n k e d  w i t h  t h e  i n f o r -  
mation s i g n s  ( 4 0 ) .  Lane c o n t r o l  s i g n a l s  were i n  p l a c e  a t  
f r e q u e n t  i n t e r v a l s  a long t h e  freeway,  a l though  i n  1969 t h e i r  
u s e  was r e s t r i c t e d  t o  o c c a s i o n a l  l a n e  c l o s u r e  s i t u a t i o n s  f o r  
maintenance work. 
This  s u r v e i l l a n c e  system d i d  respond t o  i n c i d e n t  
s i t u a t i o n s  a l though  t h e r e  was no s p e c i f i c  i n c i d e n t  d e t e c t i o n  
c a p a b i l i t y  i n c o r p o r a t e d  i n t o  t h e  c o n t r o l  l o g i c  ( 4 0 ) .  The 
i n c i d e n t  of  l o n g e s t  d u r a t i o n  i n  F igure  31, an a c c i d e n t  i n  
Subsystem One, had a c o n s i d e r a b l e  impact on freeway opera- 
t i o n s  which was r e f l e c t e d  i n  t h e  ramp volume changes 
i n d i c a t e d  i n  Table 13. A s  a b a s i s  f o r  comparison, t h e  
average  volumes f o r  t h e  same 20-minute pe r iod ,  3:15 t o  3 : 3 5  
p.m., on t h r e e  o t h e r  days of t h e  same week were recorded.  
Although t h e  t o t a l  e n t e r i n g  demand was s l i g h t l y  g r e a t e r  a t  
t h e  f o u r  ramps t h e  day of t h e  a c c i d e n t ,  cons ide rab le  
d i v e r s i o n  from upstream ramps (West Grand Boulevard and 
Seward) i s  s t i l l  noted.  
Three f a c t o r s  a r e  assumed t o  account  f o r  t h i s  d i v e r s i o n .  
The f i r s t  o f  t h e s e  f a c t o r s  is t h e  ramp meter ing  s t r a t e g y  
used on t h e  Lodge Freeway which was based on keeping t h e  
amount of  v e h i c u l a r  s t o r a g e  i n  each subsystem w i t h i n  a l lowable  
l i m i t s  f o r  t h e  d e s i r e d  l e v e l  of s e r v i c e ,  The n e t  e f f e c t  of  
t h e  a c c i d e n t  i n  Subsystem One was t o  dec rease  t h e  meter ing  
r a t e s  a t  West Grand Boulevard and Seward Avenue, and i n c r e a s e  
t h o s e  downstream a t  Chicago Boulevard and Webb Avenue. 
During t h i s  time of day t h e  Seward ramp g e n e r a l l y  had maxi- 
mum meter ing  r a t e s .  On t h e  day of  t h e  a c c i d e n t ,  however, 
t h e  minimum meter ing  r a t e  of t h r e e  v e h i c l e s  p e r  minute was 
e s t a b l i s h e d  w i t h i n  1 5  minutes a f t e r  t h e  i n c i d e n t  began. This  
i n  i t s e l f  produced a c o n s i d e r a b l e  dec rease  i n  t h e  vo1,ume 
e n t e r i n g  a t  Seward Avenue. West Grand Boulevard e n t e r i n g  
volumes were a l s o  decreased b u t  t o  a l e s s e r  e x t e n t  because 
of t h e  b u l k  meter ing  s t r a t e g y  employed a t  t h i s  ramp. 
TABLE 13 
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A second f a c t o r  c o n t r i b u t i n g  t o  t h e  d i v e r s i o n  i s  t h e  
ramp c o n d i t i o n  in fo rmat ion  s i g n s  which, once ramp conges t ion  
was d e t e c t e d  a t  t h e  upstream ramps, d i r e c t e d  d r i v e r s  t o  t h e  
downstream ramps of Chicago and Webb. Reinforc ing  t h e  s i g n s  
f o r  t h o s e  m o t o r i s t s  d r i v i n g  a long t h e  f r o n t a g e  road between 
West Grand Boulevard and Seward was t h e  t h i r d  c o n t r i b u t i n g  
f a c t o r ,  v i s u a l  conf i rmat ion  o f  congested freeway c o n d i t i o n s .  
The n e t  r e s u l t  of t h o s e  t h r e e  f a c t o r s ,  i n d i c a t e d  i n  
Table 13,  was t h e  d i v e r s i o n  of  over  1 0 0  v e h i c l e s ,  some 20% 
of t h e  demand a t  t h e  West Grand Boulevard and Seward ramps, 
around t h e  i n c i d e n t  t o  t h e  Chicago and Webb ramps. Doubtless  
t h i s  d i v e r s i o n  was b e n e f i c i a l  t o  on-freeway o p e r a t i o n s ,  
a l though i n s u f f i c i e n t  t o  handle  a  t r a f f i c  d i s r u p t i o n  of  
t h e  magnitude c r e a t e d  by t h e  a c c i d e n t .  Even i f  an i n c i d e n t  
response  l o g i c  had been o p e r a t i o n a l ,  it i s  c l e a r  t h a t  t h e r e  
could  n o t  be an adequate r e d u c t i o n  i n  t h e  on-freeway demand 
e n t e r i n g  Subsystem One because of a  l a c k  of enough metered 
ramps f u r t h e r  upstream. 
S e v e r a l  o b s e r v a t i o n s ,  however, s t i l l  can be  made on 
t h e  f e a s i b i l i t y  of dynamic response  t o  an i n c i d e n t  s i t u a t i o n .  
F i r s t ,  it i s  e v i d e n t  t h a t  cons ide rab ly  more v e h i c l e s  could 
have been d i v e r t e d  away from Subsystem One wi th  more s t r i n -  
g e n t  ramp meter ing .  The r e s e a r c h e r s  were c o n s t r a i n e d  from 
us ing  meter ing  r a t e s  l e s s  than  t h r e e  v e h i c l e s  p e r  minute 
when, i n  t h i s  i n s t a n c e ,  complete ramp c l o s u r e  would have 
been more appropr ia te .  This  l a t t e r  a c t i o n  should be j u s t i -  
f i a b l e  i n  i n c i d e n t  s i t u a t i o n s ,  e s p e c i a l l y  i f  t h e r e  i s  a  
c l e a r l y  marked a l t e r n a t e  r o u t e  e x i s t i n g  a s  i n  t h e  Lodge 
Corr idor .  Driver coopera t ion  could be achieved through 
v a r i a b l e  message s i g n s  s t a t i n g  t h e  reason f o r  t h e  ramp 
c l o s u r e s .  
Second, t h e  c o n t r o l  system was found t o  be slow i n  
responding t o  t h e  i n c i d e n t .  This  r e a c t i o n  was a n t i c i p a t a b l e  
a s  t h e  system responds i n d i r e c t l y  t o  an  i n c i d e n t  a s  t h e  
r e s u l t  of excess  v e h i c u l a r  s t o r a g e  on t h e  freeway (upstream 
of an  i n c i d e n t  o n l y )  and ramp conges t ion .  For t h e  above 
a c c i d e n t ,  a  v i r t u a l  d e t e c t i o n  was s igna led  by t h e  Modified 
C a l i f o r n i a  Model a t  3:15 p.m. and by t h e  Composite Model 
a t  3:16 p.m. However, minimum meter ing  r a t e s  a t  Seward were 
n o t  in t roduced f o r  another  t e n  minutes.  One advantage of 
i n c i d e n t  d e t e c t i o n  c o n t r o l  l o g i c  would be t o  o v e r r i d e  
s u r v e i l l a n c e  c o n t r o l  parameters  t o  more e f f e c t i v e l y  c o n t r i -  
b u t e  t o  t h e  a l l e v i a t i o n  of t h e  s i t u a t i o n .  Many of t h e  
i n c i d e n t s  i n  t h i s  s tudy would have been over  be fo re  t h e  
e x i s t i n g  s u r v e i l l a n c e  system e f f e c t i v e l y  responded, and it 
a l ready  has been demonstrated t h a t  prompt upstream d i v e r s i o n  
i s  necessary  i n  o r d e r  t o  u t i l i z e  t h e  excess  c a p a c i t y  down- 
s t ream and a l low v e h i c l e s  t o  avoid pass ing  through t h e  
conges t ion .  
One mis s ing  e lement  i n  t h e  Lodge s u r v e i l l a n c e  system 
which i s  n e c e s s a r y  f o r  e f f i c i e n t  hand l ing  o f  d i v e r t e d  
v e h i c l e s  a long  a l t e r n a t e  r o u t e s  i s  a  p r o v i s i o n  f o r  hand l ing  
t h e  s u r g e s  i n  t r a f f i c  demand b rough t  abou t  by v e h i c l e s  
d i v e r t e d  p a s t  e n t r a n c e  ramps. For t h e  example i n c i d e n t  
d i s c u s s e d  above, i t  i s  d o u b t f u l  t h a t  t h e  a l t e r n a t e  s t r e e t  
network would have s u f f i c i e n t  c a p a c i t y  t o  hand le  t h e  number 
o f  d i v e r t e d  v e h i c l e s  r e q u i r e d  t o  p r o v i d e  a  s a t i s f a c t o r y  Level 
of  s e r v i c e  on t h e  Freeway, For t h o s e  i n c i d e n t s  of  s h o r t e r  
d u r a t i o n ,  where fewer  v e h i c l e s  a r e  involved  f o r  a s h o r t e r  
p e r i o d  of  t i m e ,  t h e i r  d i s p e r s a l  th rough t h e  network shou ld  
be  f e a s i b l e  i f  key t r a f f i c  s i g n a l s  a r e  r e s p o n s i v e  i n  r e a l -  
t ime  t o  demand f l u c t u a t i o n s  . 
To summarize t h e  i n c o r p o r a t i o n  o f  p r o v i s i o n s  f o r  
s u r v e i l l a n c e  c o n t r o l  and r e s p o n s e  t o  capac i ty - r educ ing  
i n c i d e n t s ,  it appea r s  t h a t  t a n g i b l e  b e n e f i t s  i n  reduced  
d e l a y  and a l l e v i a t i o n  of c o n g e s t i o n  a r e  f e a s i b l e  w i t h  
s u r v e i l l a n c e  equipment p r e s e n t l y  i n  e x i s t e n c e  o r  e n v i s i o n e d  
by urban  freeway o p e r a t i o n  p l a n n e r s .  Th i s  s t u d y  h a s  demon- 
s t r a t e d  t h a t  d e t e c t i o n  programs based on t r a f f i c  s t r e a m  
measurements can  be d e v i s e d  which w i l l  s upp ly  t h e  neces sa ry  
i n p u t s  t o  s u r v e i l l a n c e  c o n t r o l .  This  i n c l u d e s  a h i g h  pro- 
b a b i l i t y  of  d e t e c t i o n  of  t h o s e  i n c i d e n t s  having  a  s i g n i f i c a n t  
impac t  on freeway o p e r a t i o n s  w i t h i n  t h e  f i r s t  minutes  
fol lowing t h e  i n d i c a t i o n  of congest ion.  The s e v e r i t y  of 
i n c i d e n t s  i n  terms of capac i ty  r educ t ion  i s  obta ined 
d i r e c t l y  wi th  these  techniques,  and t h e  te rminat ion  of t h e  
i n c i d e n t  a s  a  capaci ty  r educ t ion  can be c o n s i s t e n t l y  
determined. I t  is  t h e r e f o r e  p o s s i b l e  t o  provide a f l e x i b l e  
and product ive  s u r v e i l l a n c e  response t o  v i r t u a l l y  a l l  t h e  
capaci ty-reducing i n c i d e n t s  t h a t  occur dur ing  t h e  c r i t i c a l  
peak per iods  on urban freeways and thus  render  these  v i t a l  
elements of t h e  urban t r a n s p o r t a t i o n  network l e s s  vulnerable  
t o  those  unpredic table  events .  

C H A P T E R  F O U R  
CONCLUSIONS AND SUGGESTED RESEARCH 
C O N C L U S I O N S  
I n c i d e n t  d e t e c t i o n  by means of t r a f f i c  s t ream charac-  
t e r i s t i c s  has been found t o  be a p o t e n t i a l l y  useful  addition 
t o  freeway s u r v e i l l a n c e  and c o n t r o l .  The models i n v e s t i g a t e d  
i n  t h i s  r e s e a r c h  were capab le  of d e t e c t i n g  up t o  9 6 %  of a 
s e t  of t y p i c a l  on-freeway i n c i d e n t s  w i t h i n  a  few minutes 
of  t h e  o n s e t  o f  conges t ion .  The technique  a l s o  provides  
t h e  i n p u t s  r e q u i r e d  f o r  a p p l i c a t i o n  of a p p r o p r i a t e  c o n t r o l  
measures dur ing  pe r iods  of c a p a c i t y  r e d u c t i o n s  which g e n e r a t e  
u n p r e d i c t a b l e  conges t ion .  An i n c i d e n t  d e t e c t i o n  model 
t h u s  a s s i s t s  t h e  s u r v e i l l a n c e  c o n t r o l l e r  by h i g h l i g h t i n q  
those  i n c i d e n t s  t h a t  s i g n i f i c a n t l y  a f f e c t  t r a f f i c  o p e r a t i o n s .  
Automatic i n c i d e n t  d e t e c t i o n  i s  n o t  a  replacement  f o r  
r e g u l a r  freeway p a t r o l l i n g .  The g r e a t  m a j o r i t y  of freeway 
i n c i d e n t s  r e q u i r i n g  mechanical o r  p o l i c e  a s s i s t a n c e  do no t  
g e n e r a t e  t r a f f i c  conges t ion  and w i l l  n o t  be  d e t e c t e d .  
A d e s i r a b l e  automat ic  i n c i d e n t  d e t e c t i o n  model should 
promptly d e t e c t  t h e  beginning and t e r m i n a t i o n  of t h e  i n c i -  
d e n t  i n  terms of c a p a c i t y  r e d u c t i o n  and t h e  magnitude of 
t h e  r e d u c t i o n ,  thereby p rov id ing  u s e f u l  informat ion  t o  a 
s u r v e i l l a n c e  c o n t r o l  system and t o  p a t r o l  v e h i c l e s  des igna ted  
to investigate the incident. The model should not fail 
to detect incidents with significant impact on traffic 
operations, for such failure would result in inadequate 
response to the incident-generated congestion by the con- 
trol system. Similarly, false alarms should be minimized 
to avoid relative improper control responses and needless 
dispatches of investigative vehicles. 
The effectiveness of eight different models in inci- 
dent detection was evaluated. The conclusions reached apply 
to the detection of peak period on-freeway incidents, in 
most cases accidents or breakdowns, which block one or more 
through lanes for a length of time. 
The 50 incidents used for the study had an average 
on-freeway duration of 5.9 minutes based on television 
surveillance records. Each generated an estimated average 
of ten minutes of congestion. The average volumes observed 
before the incidents ranged from medium flows of 3600 vehicles 
per hour to heavy movements of 6000 vehicles per hour in 
the three Panes. Occupancies ranged from 9% to 3 0 % ,  
equivalent to vehicular densities of 80 to 250 vehicles per 
mile in the three lanes. Traffic conditions ranged from free 
flowing to congested. The 50 incidents were randomly dis- 
tributed during the evening peak period. Downstream volume 
during the incidents was reduced an average of 2 1 % ,  from 81.4 
vehicles per minute prevailing before the incidents to an 
average of 64 .8  v e h i c l e s  per  minute dur ing t h e  freeway 
blockage. There was cons iderab le  v a r i a b i l i t y  i n  t h e  e f f e c t s  
of i n c i d e n t s  on flow d e s p i t e  a l l  b u t  one of them being 
s i n g l e  l ane  blockages. 
Much can be i n f e r r e d  about t r a f f i c  ope ra t ions  dur ing  
an i n c i d e n t  from t h e  behavior of t h e  models under s tudy f o r  
t h e  50-incident  sample. A l l  of t h e  i n c i d e n t s ,  inc lud ing  t h e  
one i n c i d e n t  no t  de t ec t ed  by any model, generated some con- 
g e s t i o n  o r  no t i ceab le  d i s tu rbance  i n  t r a f f i c  opera t ions , ,  
Two d i s t i n g u i s h i n g  c h a r a c t e r i s t i c s ,  t h e  capac i ty  r educ t ion  
r e f l e c t e d  i n  an abnormal d i f f e r e n c e  between occupancy up- 
stream and downstream of an i n c i d e n t ,  and t h e  presence of  
a  blocked l ane ,  have been appl ied  succes s fu l ly  by t h e  b e t t e r  
d e t e c t i o n  models. Eighty percen t  of t h e  i n c i d e n t s  generated 
occupancy changes i n  a  manner and sequence c o n s i s t e n t  w i t h  
t h e  t h e o r e t i c a l  work of L i g h t h i l l  and Whitham. This sequence 
of increased  upstream and decreased downstream occupancy i s  
t h e  b a s i s  f o r  t h e  Modified C a l i f o r n i a  Model, al though t h i s  
model was not  s e n s i t i v e  enough t o  d e t e c t  some i n c i d e n t s  t h a t  
possessed t h i s  c h a r a c t e r i s t i c .  The success  of t h e  S t a t i o n  
Discont inu i ty  Model i n d i c a t e s  t h a t  t he  d e t e c t i o n  of a  blocked 
l ane  of t r a f f i c  is  f e a s i b l e  i n  s p i t e  of t h e  r e l a t i v e l y  long 
d i s t a n c e s  between d e t e c t o r  s t a t i o n s .  
The d e t e c t i o n  models appear  t o  work i n  a d v e r s e  weather  
c o n d i t i o n s  a s  t h o s e  i n c i d e n t s  t a k i n g  p l a c e  i n  r a i n  o r  snow 
were a l l  d e t e c t e d .  Likewise,  w h i l e  d e t e c t i o n  s t a t i o n  
s p a c i n g  v a r i e d  from 0.3  m i l e  t o  0.9 m i l e ,  subsystem l e n g t h  
i n  g e n e r a l  was n o t  a f a c t o r  i n  t h e  a b i l i t y  t o  d e t e c t  i n c i -  
d e n t s .  Most of t h e  i n c i d e n t s  took p l a c e  i n  t h e  median l a n e ,  
b u t  t h e  p a r t i c u l a r  l a n e  of t h e  i n c i d e n t  a l s o  does n o t  
appear  t o  be  a f a c t o r  i n  t h e  a b i l i t y  t o  d e t e c t  i n c i d e n t s .  
F i v e  of  t h e  d e t e c t i o n  models s t u d i e d  were developed by 
t h e  Texas T r a n s p o r t a t i o n  I n s t i t u t e  i n  1968. I t  was t h e  
purpose  of  t h i s  s t u d y  t o  s u b j e c t  them t o  a  more e x t e n s i v e  
e v a l u a t i o n .  Each model c o n s i s t e d  o f  t h e  minute-by-minute 
computat ion o f  a  t r a f f i c  s t r e a m  v a r i a b l e ,  t h e  v a l u e  of  which 
would s i g n a l  a  capac i ty - reduc ing  i n c i d e n t  when i t  exceeded 
a pre-determined t h r e s h o l d .  Threshold v a l u e s  were de termined 
from f requency d i s t r i b u t i o n s  a f  t h e  r e s p e c t i v e  v a r i a b l e s  
compiled b o t h  f a r  e i g h t  i n c i d e n t - f r e e  c l e a r  weather  days and 
f o u r  i n c i d e n t - f r e e  r a i n y  days .  
The b e s t  model of  t h e  Texas T r a n s p o r t a t i o n  I n s t i t u t e  
( T T I )  was t h e  S t a t i o n  D i s c o n t i n u i t y  Model. Abnormally low 
values of k i n e t i c  energy i n  one l a n e  r e l a t i v e  t o  t h e  o t h e r  
l a n e s  c o n s i t u t e  t h e  means f o r  d e t e c t i o n .  This  s i t u a t i o n  
would i n d i c a t e  t h e  p resence  o f  s topped o r  slow-moving v e h i c l e s  
i n  t h e  blocked l a n e ,  o r  converse ly ,  very few v e h i c l e s  down- 
s tream of an inc iden t .  The S t a t i o n  Discon t inu i ty  Model 
d e t e c t e d  9 0 %  of t h e  i n c i d e n t s ,  a  s t a t i s t i c a l l y  s i g n i f i c a n t  
performance f a r  b e t t e r  than t h e  next  b e s t  T T I  model. The 
average time t o  d e t e c t i o n  was 2 . 1  minutes from t h e  o n s e t  of 
t h e  f i r s t  n o t i c e a b l e  congest ion.  The model d e t e c t s  capaci ty-  
reducing i n c i d e n t s  downstream of a  freeway d e t e c t o r  s t a t i o n ,  
o r  those  t h a t  occur a t  an upstream l o c a t i o n  very near t h e  
s t a t i o n .  
Since t h e  th resho ld  va lues  f o r  t h e  Texas Transport:ation 
I n s t i t u t e  models a r e  s e t  a t  t h e  one pe rcen t  l e v e l ,  t h e  l e v e l  
of f a l s e  alarms w i l l  a l s o  be one percent .  The th resho ld  
Levels could no t  be made more s t r i n g e n t  wi thout  reducing 
model e f f e c t i v e n e s s .  I t  was found t h a t  i n  most cases  t h e  
th resho ld  va lues  could be es t imated  as  one s tandard  d e v i a t i o n  
away from t h e  mean v a r i a b l e  va lue .  Thus, a  more e f f e c t i v e  
method f o r  determining t h e  th resho ld  may be t h e  use  of r e a l -  
t i m e  e s t ima tes  of t h e  s tandard  d e v i a t i o n  of t h e  parameter 
va lues .  The f a l s e  alarm r a t e  poss ib ly  could be reduced and 
t h e  th resho lds  would be responsive  t o  such f a c t o r s  a s  t ime 
of day, day of week and environmental cond i t ions .  
This approach might a l s o  do away wi th  t h e  need f o r  
s e p a r a t e  frequency d i s t r i b u t i o n  curves f o r  each freeway 
s t a t i o n  and f o r  d i f f e r e n t  pe r iods  of t h e  day o r  weather 
cond i t ions .  The d i s t r i b u t i o n s  and t h e  a t t e n d a n t  th resho lds  
were d i f f e r e n t  f o r  d i f f e r e n t  s t a t i o n s ,  i n d i c a t i n g  t h a t  
geometr ic  f a c t o r s  do a f f e c t  t h e s e  t r a f f i c  c h a r a c t e r i s t i c s .  
Separa te  d i s t r i b u t i o n  curves  were compiled f o r  d r y  cond i t ions  
and f o r  r a i n y  weather.  The c o n s i s t e n t  d i f f e r e n c e s  found i n  
t h e s e  curves  i n d i c a t e  t h e  n e c e s s i t y  t o  t a k e  weather i n t o  
c o n s i d e r a t i o n .  
I n  comparison t o  us ing  rea l - t ime  adap t ive  techniques  
such a s  smoothing of t h e  d a t a  i n p u t s ,  t h e  use  of h i s t o r i c a l  
t r a f f i c  c h a r a c t e r i s t i c s  i s  computa t ional ly  e a s i e r  f o r  t h e  
d i g i t a l  computer once t h e  cons ide rab le  i n i t i a l  compi la t ion  
i s  accomplished. The d isadvantage  of h i s t o r i c a l  r ecords  i s  
t h a t  they  may go o u t  of d a t e  over  long pe r iods  of t ime o r  
be i n s u f f i c i e n t l y  f l e x i b l e  t o  changing t r a f f i c  o r  environ- 
mental cond i t ions .  
A Composite Model was developed by combining t h e  two 
b e s t  Texas Transpor ta t ion  I n s t i t u t e  Models, S t a t i o n  and 
Subsystem Discon t inu i ty .  This  model proved t o  be t h e  most 
e f f e c t i v e  i n  d e t e c t i n g  i n c i d e n t s .  Of t h e  50 sample i n c i d e n t s ,  
96% were d e t e c t e d  w i t h  an average time l a g  from t h e  o n s e t  of 
conges t ion  of 0 . 8  minute,  i n d i c a t i n g  t h a t  t h e  g r e a t  ma jo r i ty  
of d e t e c t i o n s  t a k e  p l a c e  w i t h i n  t h e  f i r s t  o r  second minute 
a f t e r  t h e  o n s e t  of conges t ion .  The d i s c o n t i n u i t i e s  d e t e c t e d  
by t h i s  model a r e  flow d i s c o n t i n u i t i e s  i n  t h e  form of 
abnormal d i f f e r e n c e s  i n  p o s i t i o n  a long t h e  speed-occupancy 
r e l a t i o n  between d e t e c t o r  s t a t i o n s ,  and d i s c o n t i n u i t y  i n  
t h e  form of a  blocked freeway l ane .  The two models were 
found t o  be independent of each o t h e r  i n  performance. Con- 
sequen t ly ,  t h e  number of f a l s e  alarms i s  n e a r l y  two pe rcen t  
of t h e  i n c i d e n t s  recorded by t h e s e  models. 
The seventh  i n c i d e n t  d e t e c t i o n  model s t u d i e d ,  t h e  
Modified C a l i f o r n i a  Model, d e t e c t s  an abnormally l a r g e  
d i f f e r e n c e  between t h e  upstream and downstream occupancies 
a t  a d j a c e n t  d e t e c t i o n  s t a t i o n s  accompanied by a  dec rease  
i n  t h e  downstream occupancy i n  t h e  preceding minute. Over- 
a l l ,  t h i s  model d e t e c t e d  52% of t h e  i n c i d e n t s  wi th  an average 
time l a g  of  0.9 minute from t h e  o n s e t  of f i r s t  congest ion.  
I n  two of t h e  subsystems s t u d i e d  i n  t h e  r e s e a r c h ,  t h e  model 
was s u c c e s s f u l  i n  d e t e c t i n g  over  80% of t h e  i n c i d e n t s .  I t  
was, however, very i n s e n s i t i v e  i n  t h e  t h i r d  and l o n g e s t  sub- 
system where a  geometr ic  d i s c o n t i n u i t y  i n  t h e  form of  a l a n e  
drop is  p r e s e n t .  I t  would appear t h a t  t h e  Modified Cal-i- 
f o r n i a  Model i s  capable  of an  80% d e t e c t i o n  r a t e ,  b u t  t h e  
incons i s t ency  of t h e  model i s  d i s t u r b i n g .  
The Modified C a l i f o r n i a  and Composite Models proved t o  
be t h e  s u p e r i o r  models i n  terms of pe rcen t  of i n c i d e n t s  
d e t e c t e d  and time l a g  t o  d e t e c t i o n .  The Modified C a l i f o r n i a  
Model i s  d i s t i n c t l y  b e t t e r  i n  r a t e  of f a l s e  a larms,  e s t ima ted  
t o  be 0 .1% of obse rva t ions .  Depending on t h e  c o s t  of f a l s e  
a l a rms  t h i s  can  be  one c r i t e r i o n  f o r  t h e  s e l e c t i o n  of  
e i t h e r  model. The Composite Model h a s  a  two p e r c e n t  f a l s e  
a l a rm r a t e ,  which perhaps  can be  improved upon by t h e  
methods d e s c r i b e d  above, b u t  which s t i l l  r e s u l t s  i n  t h e  
h i g h  9 6 %  l e v e l  of  d e t e c t i o n .  An e v i d e n t  t r a d e - o f f  i n  per-  
formance v e r s u s  f a l s e  i n d i c a t i o n  i s  p r e s e n t  w i t h  t h e s e  two 
models,  
Another model a t t r i b u t e  t h a t  i s  d e s i r a b l e  f o r  i nco rpo r -  
a t i o n  i n t o  s u r v e i l l a n c e  r e sponse  and c o n t r o l  i s  a  s i g n a l  
t e r m i n a t i n g  t h e  end of  an i n c i d e n t .  The Modif ied C a l i f o r n i a  
Model i n c o r p o r a t e s  t e r m i n a t i o n  l o g i c  which s i g n a l s  t h e  t ime  
a t  which occupancy downstream of  t h e  i n c i d e n t  a g a i n  r ises 
t o  t h e  l e v e l s  p r e v a i l i n g  b e f o r e  t h e  i n c i d e n t  began. Th i s  
l o g i c  was s u c c e s s f u l  f o r  a l l  d e t e c t e d  i n c i d e n t s .  S i n c e  t h i s  
o r  s i m i l a r  l o g i c  cou ld  a l s o  b e  i n c o r p o r a t e d  i n t o  t h e  Com- 
p o s i t e  Model, i t  i s  concluded t h a t  bo th  models a r e  comparable 
i n  t h i s  r e g a r d .  
The e i g h t h  d e t e c t i o n  model i n v e s t i g a t e d  c o n s i s t e d  of 
t h e  e x p o n e n t i a l  smoothing of  t h e  time s e r i e s  of s t a t i o n  
volumes o r  occupancies i n  o r d e r  t o  d e t e c t  shock waves 
emanat ing from an  inc iden t .  Half of  a s m a l l  sample o f  i n c i -  
d e n t s  were d e t e c t e d  by t h i s  t e c h n i q u e ,  b u t  i t  was concluded 
t h a t  s imp le  volume and occupancy t i m e  series do n o t  respond 
s h a r p l y  enough t o  i n c i d e n t  shock waves. However, i n s p e c t i o n  
of t h e  va r ious  t r a f f i c  v a r i a b l e s  used by t h e  o t h e r  models 
y i e l d e d  a promising cand ida te  v a r i a b l e  f o r  f u t u r e  a p p l i c a t i o n  
of t h e  Exponential  Smoothing Model. 
The l a n e  energy v a r i a b l e  used by t h e  S t a t i o n  Discon t inu i ty  
Model was found t o  respond s h a r p l y  t o  i n c i d e n t s ,  a  necessary 
a t t r i b u t e  f o r  d e t e c t i o n  of d e v i a t i o n s  from a smoothed time 
s e r i e s .  This  v a r i a b l e  has t h e  f u r t h e r  d e s i r a b l e  f e a t u r e  of 
no t  being vu lne rab le  t o  t r e n d s ,  s i n c e  t h e  d i s t r i b u t i o n  of 
l a n e  e n e r g i e s  a t  a  s t a t i o n ,  r e g a r d l e s s  of flow s t a t e ,  should 
always be r e l a t i v e l y  uniform un less  a  l a n e  blockage i s  
p r e s e n t .  The appeal  of exponen t i a l  smoothing i s  t h a t  wi th  
a  t r a f f i c  v a r i a b l e  known t o  respond t o  a capaci ty-reducing 
i n c i d e n t ,  a  high l e v e l  of d e t e c t i o n  performance may be 
achievable .  Such a model would o b v i a t e  t h e  need f o r  h i s t o r i c  
t r a f f i c  c h a r a c t e r i s t i c s  a s  wi th  t h e  T T I  Models and perhaps 
y i e l d  a  low l e v e l  of f a l s e  alarms because of inc reased  model 
s e n s i t i v i t y  and f l e x i b i l i t y  t o  changing t r a f f i c  cond i t ions .  
I n  conclus ion ,  i n c i d e n t  d e t e c t i o n  by means of t r a f f i c  
s t ream c h a r a c t e r i s t i c s  has been found t o  y i e l d  a  high l e v e l  
of d e t e c t i o n  performance wi th  time l a g s  of l e s s  than  two 
minutes from time of o n s e t  o f  congest ion.  A s  a  s e r v i c e  t o  
m o t o r i s t s  i n  need of a i d ,  t h e  primary b e n e f i t  of t h e s e  models 
w i l l  be a  reduced time l a g  i n  t h e  a r r i v a l  of p o l i c e  un . i t s  t o  
t h e  scene of peak pe r iod  on-freeway blockages.  The models 
were found incapab le  of  d i s t i n g u i s h i n g  between a c c i d e n t s  and 
o t h e r  on-freeway i n c i d e n t s ,  b u t  s i n c e  t h e  magnitude o f  t h e  
d i s t u r b a n c e  i s  known, t h i s  f a c t o r  can s e r v e  a s  t h e  means f o r  
de termining t h e  p r i o r i t i e s  i n  t h e  d i s p a t c h  of a i d  u n i t s  
should  s u r v e i l l a n c e  extend over  c o n s i d e r a b l e  freeway s e c t i o n s  
and s e p a r a t e  d e t e c t i o n s  compete f o r  a t t e n t i o n .  
Regarding t h e  o t h e r  d e t e c t i o n  systems eva lua ted  i n  t h i s  
r e s e a r c h ,  conc lus ions  were reached r e g a r d i n g  t h e  e f f e c t i v e -  
ness  of  t h e  t e l e v i s i o n  system. There has been c o n s i d e r a b l e  
p a s t  e v a l u a t i o n  of  t e l e v i s i o n  s u r v e i l l a n c e ,  and t h e  c o n t r i -  
b u t i o n  of  t h i s  s tudy  has  been of t h e  accuracy of t e l e v i s i o n  
o b s e r v e r s  i n  promptly obse rv ing  on-freeway i n c i d e n t s .  I t  
would g e n e r a l l y  be  expected t h a t  t h e s e  i n c i d e n t s  would be 
d e t e c t e d  one t o  t h r e e  minutes sooner v i a  t e l e v i s i o n  than  
based on t h e  o n s e t  of conges t ion  d e t e c t e d  by means o f  t r a f f i c  
s t r eam measurements. However, 50% of t h e  i n c i d e n t s  i n  t h i s  
s tudy  were d e t e c t e d  a t  l e a s t  a s  soon by t h e  t r a f f i c  s t ream 
models. I n  any e v e n t ,  au tomat ic  i n c i d e n t  d e t e c t i o n ,  i f  n o t  
t h e  s o l e  means of d e t e c t i o n ,  appears  t o  have t h e  c a p a b i l i t y  
of supplementing t h e  t e l e v i s i o n  system by d i r e c t i n g  t h e  
a t t e n t i o n  of  o b s e r v e r s  t o  c r i t i c a l  freeway s i t u a t i o n s .  A 
modest success  on t h e  p a r t  of a  C i t i z e n  Band r a d i o  system 
was a l s o  observed.  
SUGGESTED RESEARCH 
I t  was t h e  i n t e n t i o n  of  t h i s  r e s e a r c h  e f f o r t  t o  g i v e  
d e f i n i t i v e  answers r egard ing  t h e  f e a s i b i l i t y  of  d e t e c t i n g  
on-freeway i n c i d e n t s  by means of  t r a f f i c  s t r eam v a r i a b l e s  
f o r  a t  l e a s t  t h e  models covered i n  t h i s  s tudy .  A l l  of t h e  
necessa ry  in fo rmat ion  f o r  t h i s  r e s e a r c h  was a l r e a d y  on f i l e  
a t  t h e  John C. Lodge Freeway Cont ro l  Center .  Otherwise,  t h e  
o b t a i n i n g  of on-freeway i n c i d e n t  d a t a  and t r a f f i c  volumes 
and occupancies f o r  each i n c i d e n t  would have been an  enormous 
under taking.  The 50 i n c i d e n t s  s t u d i e d  i n  t h i s  r e s e a r c h  
r e p r e s e n t e d  t h e  c u l l i n g  o f  1 2  months o f  comprehensive t e l e -  
v i s i o n  s u r v e i l l a n c e  l o g s  and t h e  corresponding h i s t o r i c a l  
r e c o r d s  of t r a f f i c  d a t a  compiled by t h e  d i g i t a l  computer 
from 13 on-freeway s o n i c  d e t e c t o r s .  That  such in fo rmat ion  
was r e a d i l y  a v a i l a b l e  f o r  t h i s  r e s e a r c h  i s  t o  t h e  c r e d i t  of 
t h e  many i n d i v i d u a l s  who have been a s s o c i a t e d  w i t h  t h e  
John C. Lodge Freeway S u r v e i l l a n c e  P r o j e c t .  
I t  i s  a n t i c i p a t e d  t h a t  f u t u r e  r e s e a r c h  w i l l  be on- l ine  
d e t e c t i o n  s t u d i e s  and more b a s i c  i n v e s t i g a t i o n s  of t r a f f i c  
behavior  dur ing  an i n c i d e n t  r a t h e r  than  s imple  e x t e n s i o n s  
of t h e  r e s e a r c h  p resen ted  i n  t h i s  r e p o r t .  Although much has  
been i n f e r r e d  i n  t h i s  s tudy  about  t h e  behavior  o f  t r a f f i c  
dur ing  a  capaci ty- reducing i n c i d e n t ,  t h e  s t u d y  was l i m i t e d  
by t h e  use  o f  one-minute compi la t ions  of t r a f f i c  d a t a .  This  
research effort has not exhausted the possibilities for 
handling one-minute data streams in the search for para- 
meters that most distinctly register an incident. Whether 
or not this constitutes the most effective means for handling 
data for incident detection can only be answered by analysis 
of alternative schemes. There remain ather data streams, 
including the microscopic level of single vehicle time-space 
trajectories first suggested by Barker (2). In any event, 
increased knowledge of traffic behavior during an incident 
should inevitably lead to more effective detection 
capabilities. 
There is a need for more knowledge about the behavior 
of traffic in and around the site of a capacity reduction. 
This should include investigations of driver behavior and 
response while passing the incident site and investigations 
crf the mechanisms of congestion build-up. The variability 
in traffic flow past the incident site observed in this 
study indicates a complex service mechanism that will be 
difficult to model mathematically and still be realistic. 
Since most capacity-reducing incidents result in the 
closure of some, but not all freeway through lanes, the 
merging of traffic streams into a smaller number of lanes 
should be studied. Greater understanding of these mechanisms 
would facilitate the design of detection networks in terms 
of  t r a f f i c  v a r i a b l e s  used f o r  d e t e c t i o n  and spacing of  
f i e l d  d e t e c t o r s .  A concomitant  b e n e f i t  would be  b e t t e r  
methods of handl ing  t r a f f i c  around freeway maintenance o r  
co .ns t ruc t ion  s i tes  invo lv ing  l a n e  c l o s u r e s .  
Once a  f e a s i b l e  d e t e c t i o n  program i s  incorpora ted  i n t o  
automat ic  freeway s u r v e i l l a n c e ,  it w i l l  be necessary  t o  
i n v e s t i g a t e  t h e  sav ings  i n  t r a v e l  t ime f o r  freeway u s e r s .  
Comparisons should be made wi th  t h e  e f f e c t s  of control.  
measures t h a t  t r e a t  t h e  i n c i d e n t  a s  o r d i n a r y  freeway con- 
g e s t i o n .  This  r e q u i r e s  knowledge of  t h e  e f f e c t i v e n e s s  o f  
s u r v e i l l a n c e  c o n t r o l  i n  handl ing  conges t ion  through a d j u s t -  
ment of freeway i n p u t s  and r o u t i n g  t r a f f i c  through a l t e r n a t e  
r o u t e s .  The l a t t e r ,  of  course ,  i s  a  primary goa l  of t h e  
Lodge P r o j e c t .  From t h i s  informat ion  it w i l l  be p o s s i b l e  t o  
e s t i m a t e  t h e  c o s t  of f a l s e  alarms (unnecessary r e s t r i c t i o n  
of i n p u t s  upstream by s u r v e i l l a n c e  c o n t r o l )  and missetl 
i n c i d e n t s  ( f a i l u r e  by s u r v e i l l a n c e  c o n t r o l  t o  t a k e  i n t o  
c o n s i d e r a t i o n  a  c a p a c i t y  r e d u c t i o n  a s  t h e  cause  of c o n g e s t i o n ) .  
This  r e s e a r c h  would e n t a i l  on- l ine  computer evaluatioin of 
freeway system o p e r a t i o n s  dur ing  i n c i d e n t s  when a d e t e c t i o n  
program and a p p r o p r i a t e  response  programs a r e  functioming. 
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PROCEDURAL MANUAL FOR TELEVISION 
INCIDENT DETECTION AND RESPONSE 
PURPOSE OF I N C I D E N T  DETECTION RECORDS 
The purpose of t h e  t e l e v i s i o n  monitor  system (see 
F igure  A-1)  i s  t o  a i d  i n  t h e  d e t e c t i o n  of  i n c i d e n t s  t h a t  
d i s r u p t  t h e  flow of t r a f f i c  on t h e  John C.  Lodge Freeway. 
Observat ions of  t h e  t e l e v i s i o n  monitor  w i l l  r e v e a l  unusual  
i n c i d e n t s  i n  t h e  normal flow of t r a f f i c .  One f u n c t i o n  of 
t h e  t r a i n e d  obse rve r  i s  t o  r e c o r d  a l l  such i n c i d e n t s .  S ince  
many of  t h e  i n c i d e n t s  can be  c l a s s i f i e d  i n t o  s e v e r a l  f r e -  
quen t ly -occur r ing  c a t e g o r i e s ,  a  scheme and a  d e s c r i p t i o n  of  
t echn iques  f o r  logging i n c i d e n t s  a r e  inc luded i n  t h i s  manual. 
The TV S u r v e i l l a n c e  Daily Log (F igure  A-2)  has  been 
developed t o  p rov ide  a  day-to-day record  of v e h i c u l a r  break- 
downs and unusual  occur rences  on t h e  Freeway. However, t h e  
r e d u c t i o n  of p a s t  l o g s  has shown t h a t  many i n c i d e n t s  which 
were once cons idered  unusual ,  a c t u a l l y  a r e  not .  For example, 
one can normally expec t  t o  have a t  l e a s t  t h r e e  shou lde r  
usages p e r  hour on t h e  3 . 2  mile s e c t i o n  of t h e  Lodge which 
i s  under obse rva t ion .  Because of t h e i r  p r e d i c t a b i l i t y  and 
f requency,  such i n c i d e n t s  may be p roper ly  cons idered  expected 
v a r i a t i o n s  from normal freeway flow. 
FIGURE A-1 
CONTROL ROOM LAYOUT 
F I G U R E  A-2 
T.V. SURVEILLANCE DAILY LOG 
Thi s  manual r e p r e s e n t s  a n  a t t e m p t  t o  s t a n d a r d i z e  terms 
and p rocedure s  used i n  t h e  l o g .  I t  i s  mainly des igned  t o  
g i v e  a new o b s e r v e r  an  i d e a  of what t o  e x p e c t  and to  p r o v i d e  
some t i p s ,  based  on p a s t  e x p e r i e n c e ,  on t h e  t y p e s  of  occur-  
r e n c e s  f o r  which he shou ld  l ook .  Th i s  manual, however, i s  
n o t  s o l e l y  aimed a t  t h e  nov ice  and shou ld  be  used  a s  a  guide-  
book by t h e  v e t e r a n  o b s e r v e r .  
PROCEDURES AND TERMS FOR RECORDING INCIDENTS 
I n c i d e n t  Number: Th i s  column i s  used t o  r e c o r d  and 
i d e n t i f y  e v e r y  i n c i d e n t  observed  d u r i n g  t h e  day.  Each 
i n c i d e n t ,  whether  an  a c c i d e n t  o r  a  common s h o u l d e r  usage ,  
i s  g i v e n  a number. Any v e h i c l e s  subsequent ly  connec ted  
w i t h  a  g i v e n  i n c i d e n t  shou ld  be  logged under  t h e  o r i g i n a l  
number. For  example,  i f  I n c i d e n t  No. 1 i n v o l v e s  a  c a r  on 
t h e  s h o u l d e r  w i t h  motor t r o u b l e  and a  wrecker  comes t o  a i d  
t h e  s t r a n d e d  m o t o r i s t ,  t h e  wrecker  shou ld  be  r e c o r d e d  under  
I n c i d e n t  No. 1 r e g a r d l e s s  o f  how many i n c i d e n t s  have been 
logged  s i n c e  t h e  o r i g i n a l  r e c o r d i n g .  
I n c i d e n t s  o c c u r r i n g  i n  a  l a n e  r a t h e r  t h a n  on t h e  s h o u l d e r  
a r e  t o  be  logged i n  RED numera l s ,  Th i s  a i d s  immediate 
r e f e r e n c e  when t h e  l o g s  a r e  b e i n g  ana lyzed  o r  c o n s u l t e d .  
F i n a l l y ,  any i n c i d e n t  which i n v o l v e s  t h e  same v e h i c l e  
more t h a n  once,  such  as a  c a r  moving from one l o c a t i o n  t o  
another, should be relogged under the  o r i g i n a l  number. For 
example, a t ruck,  logged a s  Incident  No. 2 ,  s tops on the  
shoulder a t  Camera 9, then resumes i t s  t r a v e l  t o  Camera 7 ,  
where it again goes t o  the  shoulder. The information a t  
the new locat ion should be logged separately from the pre- 
vious notat ion f o r  the  t ruck,  but the o r ig ina l  incident  
number should s t i l l  be used. 
Time: This i s  a t r i p l e  column showing the time the 
incident  s t a r t e d ,  the  time it ended, and the  time elapsed 
before the vehicle  reached the  shoulder. Mil i tary time i s  
used instead of standard A.M. t o  P.M. time  able A-1). 
TABLE A - 1  
MILITARY TIME CONVERSION 
A.M. P.M. 
6 o 'clock = 0600  1 2  o 'clock = 1 2 0 0  
7 o'clock = 0700 1 o'clock = 1300 
8 o'clock = 0800 2 o 'clock = 14100 
9 o 'clock = 0900 3 o'clock = 1500  
1 0  o 'c lock = 1 0 0 0  
11 o'clock = 1 1 0 0  
4 o'clock = 1 6 0 0  
8 o 'clock = 2 0 0 0  
Minutes a re  denoted as  1105 ( f i v e  pas t  e leven);  1 4 1 2  
(twelve pas t  two); 1806 ( s i x  pas t  s i x ) ,  e t c .  
S t a r t :  This  column denotes  t h e  t ime a t  which t h e  
i n c i d e n t  i s  f i r s t  s p o t t e d ,  I f  t h e r e  i s  evidence t h a t  i t  
began s l i g h t l y  e a r l i e r ,  t h e  i n c i d e n t  should be back-logged 
a minute o r  two. Such evidence  could be  a  r a i s e d  hood and 
t h e  d r i v e r ,  t o o l s  i n  hand, t r y i n g  t o  r e p a i r  t h e  malfunct ion  
o r  a  c a r  s i t t i n g  on t h e  shou lde r  wi th  a  message a l ready  
w r i t t e n  on t h e  windshie ld .  
End: This  column shows t h e  t ime a t  which t h e  v e h i c l e  -
moves, o r  i s  removed, from t h e  shou lde r  o r  l a n e  ( n o t  t o  t h e  - -
s h o u l d e r )  s o  t h a t  i t  no longer  has  any re levance  t o  t h e  log .  
( I n  some i n s t a n c e s ,  back-logging may a l s o  be  u s e f u l  h e r e . )  
This  column should  never be l e f t  blank u n l e s s  t h e  obse rve r  
i s  t h e  l a s t  one a t  n i g h t  and t h e  v e h i c l e  i s  s t i l l  s i t t i n g  on 
t h e  shou lde r  when he l e a v e s .  The f i r s t  obse rve r  each morning 
should  make i t  a h a b i t  t o  check over  t h e  l o g  t o  a s c e r t a i n  
whether any of t h e  i n c i d e n t s  which he has found could have 
o r i g i n a t e d  t h e  n i g h t  b e f o r e .  I f  t h e r e  i s  evidence  of such a 
r e l a t i o n ,  an e x t r a  n o t a t i o n  should be p u t  i n  t h e  Remarks 
column (2nd D A Y ) .  The i n c i d e n t  number from t h e  n i g h t  b e f o r e  
i s  n o t  used; a  new i n c i d e n t  number i s  given every  day. 
The obse rve r  should r e c o r d  t h e  a c t u a l  time of a r r i v a l  
and d e p a r t u r e  of any v e h i c l e s  which become inc luded  a f t e r  
t h e  i n c i d e n t  began. (With t h e  excep t ion  of  m u l t i p l e  v e h i c l e  
a i d s ,  i n  which on ly  t h e  most impor tan t  i s  noted . )  THEY ARE 
NOT TO BE GIVEN THE ORIGINAL TIME THE INCIDENT STARTED, 
a l though  they a r e  g iven  t h e  i n c i d e n t  number which corresponds  
t o  t h e  o r i g i n a l  v e h i c l e ,  
When a v e h i c l e  changes i t s  l o c a t i o n ,  t h e  a c t u a l  time of  
a r r i v a l  and d e p a r t u r e  a t  t h e  new l o c a t i o n  should be  logged 
under t h e  o r i g i n a l  i n c i d e n t  number. 
T ime  To Shoulder: This  column r e f e r s  t o  l a n e  i n c i d e n t s  
i n  which some time u s u a l l y  e l a p s e s  between t h e  time t h e  
i n c i d e n t  i s  logged (START) and t h e  time a t  which t h e  v e h i c l e  
r e a c h e s  t h e  shou lde r .  For  i n s t a n c e ,  i f  t h e  i n c i d e n t  i n v o l v e s  
a  c a r  s t a l l e d  i n  Lane 3 of  Camera 4 ,  some time may pass  
b e f o r e  t h e  s t a l l e d  c a r  i s  pushed o r  towed t o  t h e  shou lde r .  
T h i s  time e l a p s e  should  be i n d i c a t e d  by n o t i n g  t h e  t ime a t  
which t h e  c a r  i s  s a f e l y  on t h e  shou lde r .  Any a i d i n g  v e h i c l e  
should  a l s o  be logged wi th  START and TIME TO SHOULDER ( i f  
a p p r o p r i a t e )  under t h e  corresponding i n c i d e n t  number. I f  
t h e r e  i s  no a p p r e c i a b l e  t ime d i f f e r e n c e  ( t h e  s t a l l e d  v e h i c l e  
moves o r  i s  moved immediately t o  t h e  s h o u l d e r ) ,  TIME TO 
SHOULDER should  be t h e  same a s  START. DO NOT USE ABB:REVIA- 
TIONS such a s  IMM f o r  immediately. 
Cause: I n  t h i s  column t h e  reason  f o r  t h e  i n c i d e n t  i s  
s t a t e d .  For expediency and t o  save  space ,  t h e  cause  is 
a b b r e v i a t e d .  The l i s t  of  a b b r e v i a t i o n s  may be  found on t h e  
upper l e f t -hand  s l i d e  l e a f  o f  t h e  o b s e r v e r ' s  console .  The 













S t a l l  
Mechanical Breakdown 
Maintenance (Give d e t a i l s  i n  REMARKS) 
F l a t  t i r e  o r  blowout 
Aid 
V i o l a t i o n  
Spin  Out 
Out o f  Gas 
Other  than  above (Exp la in )  
Unknown 
Most of  t h e s e  a b b r e v i a t i o n s  f o r  cause  a r e  s e l f - e v i d e n t ,  
b u t  0 and UNK may b e a r  some e x p l a n a t i o n .  0 s t a n d s  f o r  o t h e r .  - -
I f  none of t h e  l i s t e d  codes a r e  a p p r o p r i a t e ,  0 should  be - 
i n s e r t e d  i n  t h e  Cause column and t h e  cause  g iven  i n  t h e  
Remarks column. Such 0 i n c i d e n t s  may invo lve  a  d r i v e r  s top-  - 
ping  t o  r e a d  a  map o r  a  t r u c k  d r i v e r  a d j u s t i n g  h i s  load .  
THERE MUST BE A NOTATION I N  REMARKS AFTER AN 0. - 
UNK s t a n d s  f o r  unknown. This  code i s  used when t h e  
reason  f o r  t h e  i n c i d e n t  cannot  be determined.  This  may b e  
t h e  r e s u l t t o f  da rkness ,  o r  a c a r  s topped i n  a  b l i n d  a r e a  of  
t h e  T.V. cameras. I n  such i n c i d e n t s ,  however, t h e  p o l i c e  
r a d i o  i n  t h e  c o n t r o l  room may supply t h e  missing informat ion .  
I n  t h a t  c a s e ,  t h e  cause  should be noted ,  us ing  t h e  appro- 
p r i a t e  a b b r e v i a t i o n s ,  r a t h e r  than  l e a v i n g  UNK - i n  t h e  C!ause 
column. 
Locat ion:  TWO columns a r e  needed t o  p i n p o i n t  t h e  
l o c a t i o n  of t h e  i n c i d e n t .  These a r e  CAMERA and LANE. 
Camera: The s u r v e i l l a n c e  a r e a  covers  3 . 2  miles  of t h e  
Lodge Freeway. This  s u r v e i l l a n c e  i s  made p o s s i b l e  by four-  
t e e n  cameras mounted on t h e  overpasses ;  a l l  cameras a r e  aimed 
nor th .  Camera 1, l o c a t e d  a t  Glendale,  i s  t h e  northernmost 
camera and over looks  t h e  ~ a v i s o n  Interchange.  Camera 1 4 ,  
t h e  southernmost camera, i s  a t  t h e  Ford In terchange.  The 
d i r e c t i o n  of t r a f f i c  flow i n  an i n c i d e n t  should be demoted by 
a s u p e r s c r i p t ,  0 f o r  outbound (northbound) , I f o r  inbound 
(southbound).  (A complete l i s t  of  l o c a t i o n s  is given i n  
Table A-2.) For example, i f  an i n c i d e n t  i s  s p o t t e d  i n  Camera 
0 
1 4  northbound, t h e  l o c a t i o n  w i l l  be shown a s  1 4  . I f  an 
I i n c i d e n t  occurs  i n  7 inbound, t h e  l o c a t i o n  i s  7 . The same 
form should be followed f o r  a l l  f o u r t e e n  cameras. 
Lane: This  column denotes  t h e  l a n e  i n  which t h e  i n c i -  
d e n t  occurred .  The l a n e s  are counted from t h e  median t o  t h e  
shou lde r .  The median l a n e  i s  counted a s  Lane 1, and t h e  
shoulder  l a n e  a s  Lane 3 o r  4 ,  depending on how many l anes  













Glads tone  
Euc l id  
Seward 
P a l l i s t e r  
West Grand Boulevard 
Grand Trunk Western p ail road 
Ford In te rchange  
*Al l  cameras p o i n t  n o r t h .  
Other a r e a s  may be shown i n  t h e  LANE column a s  fo l lows:  
Median - M 
Shoulder - S 
Ramp Shoulder - RS 
Ramp - R 
I n  some s i t u a t i o n s ,  t h e  CAMERA column must be g iven 
s p e c i a l  a t t e n t i o n .  For example, i f  a  Wayne County maintenance 
0 crew comes i n t o  view a t  Camera 1 4  t o  sweep t h e  shoulder  and 
l eaves  a t  Camera 7', t h i s  s e r i e s  of events  should be recorded 
0 0 i n  t h e  CAMERA column a s  1 4  /7 . The top  number shows t h e  
f i r s t  camera i n  which t h e  crew was s p o t t e d  and t h e  botkom 
number shows t h e  l a s t .  Another l e s s  common example i s  a 
v e h i c l e  which s t a l l s  i n  t h e  top  ranges of Camera 11' i n  
Lane 4 b u t ,  upon being pushed t o  t h e  shoulder ,  i s  now i n  t h e  
0 bottom range of Camera 1 0  . T h i s  s i t u a t i o n  would be shown 
a s  l l O / l O O .  The change i n  l a n e  s t a t u s  would be shown a s  
4/s. 
Type of Vehicle: This column r e f e r s  t o  t h e  type  of 
v e h i c l e ( s )  involved i n  t h e  i n c i d e n t .  These v e h i c l e  types  
a r e  t o  be abbrev ia ted  a s  fo l lows:  
STD - Standard.  This  r e f e r s  t o  a  s t andard  pro- 
duc t ion  c a r ,  inc lud ing  compacts and f o r e i g n  
c a r s .  
C - Combination. T h i s  r e f e r s  t o  a  t r a c t o r  and 
t r a i l e r  r i g  (semi). 
SU - S i n g l e  U n i t .  T h i s  r e f e r s  t o  t r u c k s  which 
may be  c l a s s e d  a s  s t a k e  t r u c k s ,  dump t r u c k s ,  
e tc .  The main c h a r a c t e r i s t i c  is  i n  s i n g l e -  
body c o n s t r u c t i o n .  
VAN - T h i s  d e n o t e s  commercial  vans ,  moving vans ,  
mi lk  t r u c k s ,  e tc .  
W - Wrecker. Wayne County wrecker  i s  abbre-  
v i a t e d  W.C. i n  Remarks. 
MC - Motorcyc le ,  
P - P o l i c e  Car .  I f  o t h e r  t h a n  T r a f f i c  C e n t r a l ,  
write PCT. ( P r e c i n c t )  i n  Remarks. O the r  
p o s s i b l e  p o l i c e  v e h i c l e s  may b e  moto rcyc le s  
( a b b r e v i a t e  PMC) ,  T a c t i c a l  Mobile U n i t s  
(TMU) , S t a t e  P o l i c e  ( S P ) ,  e tc .  
A - Ambulance. Th i s  r e f e r s  t o  commercial  
ambulances.  A p o l i c e  ambulance ( s t a t i o n  
wagon) i s  a b b r e v i a t e d  PA. 
F - F i r e  Truck 
FL - F l a s h e r  Truck. Truck which u s u a l l y  f o l l o w s  
any main tenance  crews i s  equipped  w i t h  f l a s h -  
i n g  l i g h t s  t o  warn approaching  t r a f f i c  o f  a  
main tenance  o p e r a t i o n .  The t y p e  o f  mainten-  
ance  o p e r a t i o n  and t h e  t r u c k ' s  owners shou ld  
be  i n s e r t e d  i n  Remarks. The a f f i l i a t i o n  w i l l  
u s u a l l y  b e  one  o f  t h r e e  t y p e s :  W.C. (Wayne 
County) ;  PLC ( P u b l i c  L i g h t i n g  Commission);  o r  
BELL ( ~ i c h i g a n  B e l l )  . 
SW - Sweeper. This  r e f e r s  t o  a W.C. t r u c k  
equipped w i t h  sweeping brushes  and perform- 
i n g  maintenance d u t i e s .  
BUS - BUS, 
PAN - Panel  Truck,  
PU - Pick-up Truck,  
A s s i s t a n c e  : This  column has f o u r  sub-columns : t ime 
n o t i f i e d ,  t ime a r r i v e d ,  type  and a c t i o n  taken.  
1. Time Not i f i ed :  If t h e  c o n t r o l  o p e r a t o r  c a l l s  t h e  
p o l i c e  f o r  a s s i s t a n c e  a t  an i n c i d e n t ,  t h e  t ime of n o t i f i c a -  
t i o n  should be shown i n  t h i s  column. This  time w i l l  u s u a l l y  
be  t h e  same a s  t h a t  appear ing  i n  START. I n  some i n s t a n c e s ,  
however, t h e r e  may be a  d iscrepancy.  For i n s t a n c e ,  i f  a 
c a r  should s t a l l  i n  8', Lane 4 a t  1432, t h e  o p e r a t o r  might 
w a i t  f o r  a  minute o r  two b e f o r e  dec id ing  t o  n o t i f y  t h e  
p o l i c e .  
2 .  Time Arr ived:  If t h e  p o l i c e  a r e  n o t i f i e d ,  t h e  t ime of 
t h e i r  a r r i v a l  should be p laced  i n  t h i s  column. An e1a:borate 
s tudy  of p o l i c e  response  time has a l ready  been made frlom 
t h i s  s e c t i o n  of t h e  l o g ,  s o  it i s  impera t ive  t h a t  it be k e p t  
a c c u r a t e l y .  I f  t h e  p o l i c e  a r e  n o t  n o t i f i e d  b u t  some o t h e r  
a i d  a r r i v e s ,  t h e  t ime of  i t s  a r r i v a l  i s  noted.  I n  t h e  c a s e  
of  s e v e r a l  a i d i n g  v e h i c l e s ,  t h e  most impor tant  one should be 
recorded.  
3. Type; Th i s  column concerns  t h e  t ype  o f  a i d i n g  v e h i c l e  -
t h a t  a r r i v e s .  The s i x  t y p e s  of a i d  a r e  l i s t e d  below w i t h  
t h e i r  a b b r e v i a t i o n s :  
S - S e l f  
M - Pass ing  M o t o r i s t  
P - P o l i c e  
W - Wrecker 
A - Ambulance 
F - F i r e  Department 
4 .  Act ion  Taken: This  i s  t h e  t y p e  o f  a s s i s t a n c e  g i v e n  
by the a i d i n g  v e h i c l e .  The t y p e s  o f  a c t i o n  t aken  and t h e i r  
a b b r e v i a t i o n s  a r e  g iven  below wi th  e x p l a n a t i o n s .  I f  no 
e n t r y  i s  made, t h e  a c t i o n  i s  i n t e r p r e t e d  a s  S .  
S - S e l f  t o  s h o u l d e r ,  The d r i v e r  i s  a b l e  t o  
move h i s  v e h i c l e  t o  t h e  shou lde r  and 
r e c e i v e s  no o t h e r  a i d .  
SF - S e l f  t o  Freeway. The d r i v e r  i s  a b l e  t o  
resume h i s  own way on t h e  Freeway w i t h o u t  
a i d ,  
0 - Pushed o r  p u l l e d  t o  s h o u l d e r ,  The d i s a b l e d  
v e h i c l e  i s  pushed o r  p u l l e d  t o  t h e  s h o u l d e r  
by an a s s i s t i n g  v e h i c l e .  
OF - Pushed o r  p u l l e d  t o  Freeway. The v e h i c l e  
i s  pushed t o  a  s t a r t ,  o r  even hooked up 
t o  a  wrecker on t h e  l a n e s  of  t h e  Freeway. 
OS - S e l f  t o  shou lde r  wi th  a i d  t o  s t o p  t r a f f i c .  
The c a r  i s  a s s i s t e d  t o  t h e  shou lde r  by 
t h e  p o l i c e ,  who s t o p  t r a f f i c  t o  f a c i l i t a t e  
t h e  movement. 
I n  c a s e  of a complex i n c i d e n t ,  such a s  a  four-  o r  
f i v e - c a r  i n c i d e n t ,  t h e  a c t i o n  taken f o r  each c a r  should be 
i n s e r t e d  i n  t h e  column, u n l e s s  t h e  a c t i o n  t aken  f o r  each 
c a r  i s  t h e  same. I n  t h a t  c a s e ,  one n o t a t i o n  f o r  t h e  f i r s t  
c a r  w i l l  s u f f i c e .  
Pavement Surface:  This  column should g i v e  a running 
account  of pavement c o n d i t i o n s  f o r  t h e  day. The c o n d i t i o n s  
a r e  l i s t e d  on t h e  manual d a t a - e n t r y  panel  on t h e  desk .in 
t h e  c o n t r o l  room. A s  a  r u l e ,  i f  c o n d i t i o n s  remain t h e  same, 
t h e  e n t r y  should be made once an hour;  i f  a  change occurs  
(d ry  t o  w e t ) ,  t h e  t ime of t h e  change should be i n s e r t e d  above 
(1416) t h e  n o t a t i o n  f o r  t h e  change wet . 
Weather: This  column c o i n c i d e s  wi th  Pavement S u : ~ f a c e .  
Usual ly a  change i n  one means a  change i n  t h e  o t h e r .  I n  
most i n s t a n c e s ,  t h e  t ime of  t h e  two changes w i l l  be  t h e  
same. The Weather column should  be g iven  t h e  same hour ly  
t r e a t m e n t  i n d i c a t e d  f o r  Pavement Surface .  An h o u r l y  
t empera tu re  should  be noted i n  above t h e  weather  c o n d i t i o n .  
The t empera tu re  i s  o b t a i n e d  from t h e  Weather Bureau by 
c a l l i n g  278 -6040 .  
Remarks: This  i s  a g e n e r a l i z e d  column i n  which any- 
t h i n g  t h a t  canno t  be  coded should  be  noted.  Any in fo rmat ion  
which you f e e l  may be  impor tan t  t o  an  i n c i d e n t  should  b e  
recorded i n  t h i s  column. Some of t h e  i n s t a n c e s  f o r  u s e  of 
t h i s  column have a l r e a d y  been mentioned, b u t  t h e r e  a r e  many 
more. Reference t o  t h e  sample l o g  (F igure  A-2)  w i l l  p rov ide  
some i n s i g h t  a s  t o  t h e  n a t u r e  o f  p o s s i b l e  n o t a t i o n s .  
ADDITIONAL DUTIES OF THE OBSERVER 
During t h e  hours an  o b s e r v e r  i s  on du ty  i t  i s  p o s s i b l e ,  
and i n  f a c t  a t  times necessa ry ,  f o r  him t o  perform addi-  
t i o n a l  t a s k s .  These t a s k s  can be  accomplished w i t h o u t  
d e t r a c t i n g  from t h e  e f f e c t i v e n e s s  of h i s  pr imary f u n c t i o n  
of d e t e c t i n g  and r e c o r d i n g  i n c i d e n t s .  Some o f  t h e  addi-  
t i o n a l  d u t i e s  performed remove t h e  obse rve r  from a p a s s i v e  
r o l e  and a l low him t o  a c t  i n  r e sponse  t o  i n c i d e n t s  h e  sees 
o r  c o n d i t i o n s  of  t h e  mechanical  system by o p e r a t i n g  both  
cameras he u t i l i z e s  and t h e  f u l l  t r a f f i c  s u r v e i l l a n c e  and 
c o n t r o l  system. 
1. Any i n c i d e n t  which would cause  a  permanent reduc- 
t i o n  i n  t h e  f low of  t r a f f i c  on t h e  Freeway i s  t o  be r e p o r t e d  
t o  t h e  a p p r o p r i a t e  maintenance s e r v i c e  f o r  c o r r e c t i v e  
a c t i o n .  
2.  Any i n c i d e n t  o c c u r r i n g  n o r t h  of t h e  te1evis io :n  
s u r v e i l l a n c e  system ( n o r t h  of  Davison t o  Meyers) o r  s o u t h  
of t h e  system ( s o u t h  of  Edsel  Ford Freeway t o  Grand River)  
i s  t o  be  noted on t h e  l o g ,  a s  i f  it were a  v i s u a l  inci ldent ,  
g i v i n g  a l l  in fo rmat ion  p o s s i b l e .  
3. The procedure  f o r  s t a r t i n g  and s h u t t i n g  down t h e  
computer i s  exp la ined  i n  a  manual e n t i t l e d  "Computer 
Opera t ing  Proceduresw* which i s  k e p t  a t  t h e  desk.  There 
w i l l  be  occas ions  when t h e  o b s e r v e r  w i l l  be  r e q u i r e d  bo 
perform t h e s e  f u n c t i o n s .  He t h e r e f o r e  should be  f a m i l i a r  
w i t h  t h e  procedures .  
4 .  Lane s i g n a l s  a r e  used f o r  i n c i d e n t s  i n v o l v i n g  l a n e  
blockages and f o r  maintenance o p e r a t i o n s  when it i s  necessary  
t o  c l o s e  a  l a n e .  The l a n e  c l o s u r e  s i g n s ,  p o s i t i o n e d  over  
each l a n e  of  t h e  Freeway, have a  two-message c a p a b i l i t y .  A 
r e d  "Xu i s  d i s p l a y e d  f o r  each c l o s e d  l a n e  and a  g reen  arrow 
i s  d i s p l a y e d  on t h e  remaining open l a n e s .  I n  1969 t h e s e  
s i g n s  a r e  t o  be  used o n l y  d u r i n g  p e r i o d s  of  l a n e  b lockages ,  
and t h e  rest  of  t h e  t ime a r e  t o  be  tu rned  o f f  r a t h e r  than  
d i s p l a y  g reen  arrows f o r  a l l  l a n e s .  
*See Cook, Al len  R . 1  P r e t t y ,  Robert  L . ,  and Cleveland,  
Donald E . ,  Eva lua t ion  of t h e  E f f e c t i v e n e s s  of  Ramp Metering 
Opera t ions .  TrS-2, Highway S a f e t y  Research I n s t i t u t e ,  
Ann Arbor. 259 
When a s i n g l e  l a n e  i s  blocked because of  an i n c i d e n t  
o r  maintenance work, a minimum o f  one r e d  "X" is employed. 
Tf a blockage i s  i n  an a r e a  250 f e e t  ahead of a red  "Xw I 
t h e  n e x t  e f f e c t i v e  r e d  "Xu must a l s o  be  used. The maximum 
d i s t a n c e  t h a t  t h e  r e d  "XI1 i s  t o  be used i s  5000 f e e t  behind 
t h e  blockage and i s  i l l u s t r a t e d  on t h e  monitors  by orange 
l i n e s  w i t h  t h e i r  r e s p e c t i v e  zones. When a r ed  "X" i s  
d i sp layed  ahead of t h e  blockage,  t h e  d i s t a n c e  should n o t  
exceed 150 f e e t .  
For m u l t i p l e  l a n e  blockages,  t h e  t r e a t m e n t  i s  i n i t i a l l y  
t h e  same f o r  s i n g l e  l a n e  blockages us ing  t h e  appropra te  r e d  
" X n ' s .  I f  t h e  blockage i s  of t h e  s h o r t  d u r a t i o n  type ,  con- 
t i n u e  t o  use  t h e  procedures f o r  s i n g l e  l a n e  blockages.  
However, i f  i n  your e s t i m a t i o n  t h e  d u r a t i o n  w i l l  exceed f i v e  
o r  s i x  minutes,  then  c l o s e  a l l  a f f e c t e d  l a n e s  through t h e  
e n t i r e  f i e l d  behind t h e  b l o c k a g e u n t i l  t h e  blockage has  been 
c l e a r e d .  Any r e q u e s t s  f o r  t h e  l a n e  s i g n a l  system t o  be  
a c t i v a t e d  must be r e f e r r e d  t o  t h e  P r i n c i p a l  I n v e s t i g a t o r .  
5. The ramp meter ing  system on t h e  Lodge Freeway is  
i n  o p e r a t i o n  from 2:30 p.m. t o  6:30 p.m. on week days.  
During t h i s  p e r i o d  t h e  obse rve r  i s  r e q u i r e d  t o  perform 
s p e c i a l  t a s k s  of  o b s e r v a t i o n  and logging. 
Cameras 3, 5,  and 1 0  a r e  t o  be  panned t o  t h e  r i g h t  t o  
a l low v i s u a l  o b s e r v a t i o n  of t h e  Webb, Chicago and Seward 
ramp s i g n a l s .  
The information on the metering system typewriter is 
to be logged according to "Procedure for Logging Typewriter 
Log Information" kept on the observer's desk. Special 
attention should be given to accurately recording this data 
as the information is vital to the efficient operation of 
the metering system. 
Finally, any malfunction in the computer controlling 
the metering system is to be reported to one of the pro- 
gramming personnel. If none of these people are present, 
the malfunction should be handled according to the pro- 
cedure in the "Computer Malfunction Check List1'* also :kept 
on the observer's desk. 
*see Cook, Allen R., Pretty, Robert L., and Cleveland, 
Donald E.,   valuation of the Effectiveness of Ramp Metering 




INCIDENT-FREE DAYS USED FOR ANALYSIS 

TABLE B - 1  
INCIDENT-FREE CLEAR WEATHER DAYS 
DAY OF 
DATE I WEEK 
February 25 I Tuesday 
February 28 I Friday 
A p r i l  2 4  I Thursday 
June 5 
I I Thursday 
June 17 I Tuesday 
I August 1 Fr iday  
I August 7 Thursday 
September 29 Monday 
TABLE B-2 
INCIDENT-FREE RAINY WEATHER DAYS 
DAY 01" MEAN 
:::II 25 
WEEK TEMPEMTURE WEATHEII 
Tuesday 37 O Rain 
A p r i l  1 7  Thursday 6 4 O  Mostly Rain 
November 1 8  Tuesday S O 0  Rain 
November 19 'Wednesday 3 3 O  Rain/ Snow -- -- -- 
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TEXAS TRANSPORTATION INSTITUTE 
I N C I D E N T  DETECTION MODELS 
The formulas f o r  t h e  f i v e  Texas T r a n s p o r t a t i o n  I n s t i t u t e  
( T T I )  i n c i d e n t  d e t e c t i o n  models a r e  reviewed below. The 
fo l lowing  s t a n d a r d  n o t a t i o n s  a r e  a p p l i e d  throughout .  
q ( j )  = t r a f f i c  f low o r  volume ( v e h i c l e s  p e r  
minute)  recorded a t  t h e  jth d e t e c t o r  
s t a t i o n  d u r i n g  t h e  most r e c e n t  minutes .  
B ( j )  = average  p e r c e n t  occupancy a t  t h e  j t h  
d e t e c t o r  s t a t i o n  dur ing  t h e  most r e c e n t  
minute.  Occupancy i s  t h e  p r o p o r t i o n  of 
t h e  t ime a v e h i c l e  i s  sensed by an over-  
head s o n i c  d e t e c t o r  on t h e  freeway. I t  
i s  g e n e r a l l y  l i n e a r l y  r e l a t e d  t o  d e n s i t y  
( v e h i c l e s  p e r  u n i t  d i s t a n c e )  and i s  
t h e r e f o r e  used i n  t h i s  s t u d y  a s  a  su r ro -  
g a t e  f o r  d e n s i t y .  
i = upstream d e t e c t o r  s t a t i o n  
i+l = downstream d e t e c t o r  s t a t i o n .  
Freeway S t a t i o n  Models 
S t a t i o n  Energy : K i n e t i c  energy,  E (i) , i s  def  iined 
a s  t h e  s q u a r e  of  t h e  volume d i v i d e d  by t h e  occu- 
pancy. The nominal dimensions of  k i n e t i c  energy 
2 a r e  v e h i c l e s 2  p e r  minute p e r  p e r c e n t  occupancy ( 2 ) .  
The k i n e t i c  energy v a l u e s  were normalized by d i v i d i n g  
them by t h e  t h e o r e t i c a l  maximum k i n e t i c  energy 
d e r i v e d  from t h e  l i n e a r  speed-dens i ty  f low model ( 1 0 ) .  
The v a l u e s  found by T T I  i n  1968 f o r  maximum 
k i n e t i c  energy,  E m ( i ) ,  a t  each s t a t i o n  were used 
i n  t h i s  r e p o r t  ( 1 0 ) .  These energy v a l u e s  a r e  
p r e s e n t e d  i n  Table C-1 .  
The equa t ions  f o r  t h e  S t a t i o n  Energy !lode1 
a r e  : 
E (i) = q (i) 2/8 (i) S t a t i o n  K i n e t i c  Energy 
E' (i) = normalized k i n e t i c  energy 
Em (i) = t h e o r e t i c a l  maximum k i n e t i c  
energy 
Ml (i) = E' (i) S t a t i o n  Energy Var iab le  
Cumulative d i s t r i b u t i o n  curves  f o r  t h e  normalized 
k i n e t i c  energy v a l u e s  f o r  c l e a r  and r a i n y  days a t  
t h e  Seward and C a l v e r t  d e t e c t o r  s t a t i o n s  a r e  pre-  
s e n t e d  i n  F igure  C-1. I t  i s  e v i d e n t  from t h e  l a r g e  
number of parameter  v a l u e s  g r e a t e r  than  one t h a t  
t h e  above normal iza t ion  was on ly  approximate. 
S i m i l a r  r e s u l t s  were ob ta ined  by TTI  ( 1 0 ) .  Such 
TABLE C-1 
NORMALIZING VALUES FOR TTI 
DETECTION MODELS 
These values were developed by TTI in 1968 (10) by applying 
the Greenshields flow n~otlel to traffic observations recorded 
by the sonic detectors at the above stations. 

r e s u l t s  a r e  i n e v i t a b l e  when h i s t o r i c a l  normalizing 
fac t .ors  a r e  used,  e s p e c i a l l y  when they  a r e  theo- 
re t i .ca1 ,  r a t h e r  than  t h e  l a r g e s t  v a l u e s  ac tua l - ly  
observed.  The u s e  of normalized energy va lues  
i n  t h i s  model i s  a c t u a l l y  redundant ,  b u t  was done 
f o r  convenience a s  they  were a l s o  used f o r  t h e  Sub- 
system Energy Model. I n  t h e  l a t t e r  c a s e ,  normali- 
z a t i o n  makes t h e  energy v a l u e s  a t  d i f f e r e n t  s t a t i o n s  
comparable, 
S t a t i o n  D i s c o n t i n u i t y  Model: K i n e t i c  e n e r g i e s  a r e  
computed f o r  each l a n e  a t  t h e  d e t e c t o r  s t a t i o n .  
The s m a l l e s t  l a n e  energy,  E s ( i ) ,  i s  found an8 t h e  
s t a t i o n  d i s c o n t i n u i t y ,  M 2 ( i ) ,  computed a s  fo:llows: 
2 Es (i) 
MZ (i) = E (i) + E b ( i )  S t a t i o n  D i s c o n t i n u i t y  a  Var iab le  
Ea (i) , Eb (i) = The o t h e r  two l a n e  
energy va lues  
This  v a r i a b l e  can t a k e  v a l u e s  ranging from ze:ro 
t o  one. Smal ler  v a l u e s  i n d i c a t e  an imbalance i n  
t h e  l a n e  e n e r g i e s  caused e i t h e r  by l a n e  blockage 
o r  d i s p r o p o r t i o n a t e l y  fewer v e h i c l e s  i n  one l a n e .  
The computation above a c c e n t u a t e s  t h i s  imbalance 
a s  compared t o  t h e  more s t r a i g h t - f o r w a r d  r a t i o  
t o t a l  of  a l l  t h r e e  l a n e s .  Cumulative d i s t r i b u t i o n  
curves  f o r  t h e  s t a t i o n  d i s c o n t i n u i t y  v a r i a b l e  a t  
t h e  Seward and C a l v e r t  d e t e c t i o n  s t a t i o n s  on d ry  
and r a i n y  days a r e  p resen ted  i n  F igure  C-2. 
Freeway Subsystem Models 
Subsystem Shock Wave Model: The subsystem shock 
wave v a r i a b l e ,  M 3 ( i ) ,  i s  c a l c u l a t e d  a s  t h e  d i f f e r -  
ence between t h e  downstream volume and t h e  upstream 
volume. Thus, f o r  subsystem i: 
M3 (i) = q ( i )  - q ( i + l )  Subsystem Shock Wave 
Var iab le  
Subsystem Energy Model: Analogous t o  t h e  Subsystem 
Shock Wave 1\4odel, t h i s  v a r i a b l e  i s  t h e  d i f f e r e n c e  
i n  normalized k i n e t i c  energy v a l u e s  between up- 
s t ream and downstream d e t e c t o r  s t a t i o n s .  For sub- 
system i t h e  equa t ion  i s  a s  fo l lows:  
M4 (i) = E (i) - E ( 1  Subsystem Energy 
V a r i a b l e  
Subsystem D i s c o n t i n u i t y  Model: The v a r i a b l e  i n  t h i s  
model measures t h e  d i s c o n t i n u i t y  i n  flow w i t h i n  a 
subsystem a s  t h e  d i f f e r e n c e  i n  speed-densi ty s t a t e s  
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STATION 1)I.SCO:iTSKUITY VAl:TA?II~I; (d in~c~is ion lcss )  
STATION DISCONTINUITY VARIABLE FOR CLEAR AND 
RAINY CONDITIONS AT THE SEWARD ANT) 
CALVERT FREEWAY DETECTOR STATIONS 
This i s  t h e  d i s t a n c e  i n  Figure 1 2 .  Occupancy is 
used a s  t h e  es t imate  f o r  dens i ty .  The speed, 
u ( i ) ,  i s  es t imated from volume and occupancy a s  
follows: 
S t a t i o n  Speed 
u ( i )  = q ( i ) / 8 ( i )  (Vehicles per  minute 
per  percen t  occupancy) 
The computed speed values  a r e  normalized by 
d iv id ing  by the  t h e o r e t i c a l  f r e e  speed, u f ( i ) ,  a t  
8 
t h e  s t a t i o n  (Table C - 1 ) .  S imi l a r ly ,  t h e  occupancy 
va lues  a r e  normalized by d iv id ing  by t h e  t h e o r e t i c a l  
jam occupancies, 8 . ( i )  (Table C - 1 ) .  The va lues  f o r  
3 
f r e e  speed and jam occupancy developed by T T I  i n  
1968 and presented i n  Table C-1  were used i n  t h i s  
r e p o r t  ( 1 0 ) .  This normalization was not  done by 
TTI  f o r  t h i s  model, bu t  i s  necessary t o  make t h e  
d a t a  a t  each s t a t i o n  comparable. The speed-occupancy 
r e l a t i o n  i s  thus  t h e  same a t  each s t a t i o n  a s  depic- 
t e d  i n  Figure  1 2 .  
The v a r i a b l e ,  M 5 ( i ) ,  is es t imated by s u b t r a c t i n g  
t h e  vec to r  d i s t a n c e  AC from t h e  vec to r  d i s t a n c e  
- 
BC. 
u, (i) - u ( i )  2 
M5 (i) = 
Subsystem D i s c o n t i n u i t y  Var iab le  
u f ( i )  = t h e o r e t i c a l  f r e e  speed de r ived  from 
l i n e a r  speed-dens i ty  theory .  
8 . (i) = jam occupancy de r ived  from l i n e a r  
7 
speed-densi ty theory .  
A l l  of t h e s e  models were i n v e s t i g a t e d  by TTI  i n  1.968 
( 1 0 ) .  Comparisons of t h e  t h r e s h o l d s  f o r  i n c i d e n t  d e t e c t i o n  
found i n  t h e  1969 s t u d i e s  f o r  d ry  and r a i n y  weather  and i n  
t h e  1968 s t u d i e s  a r e  p resen ted  i n  Tables C-2, C-3, and C-4. 
Tables C-5, C-6, C-7, C-8, and C-9 c o n t a i n  a d d i t i o n a l  r e s u l t s  
from t h e  1969 a n a l y s i s .  These i n c l u d e  t h e  mean, s t andard  
d e v i a t i o n ,  and range  of  t h e  v a r i a b l e s  observed. The t a b l e s  
a r e  d i scussed  i n  Chapter Two of t h i s  r e p o r t .  
TABLE C-2 
THRESHOLD VALUES FOR DETECTION (ONE 
PERCENT LEVEL) BY THE STi4TION ENERGY 
AND STATION DISCONTINUITY MODELS 
TABLE C-3 
THRESHOLD VALUES FOR DETECTIOFJ, ( 0 .5  PERCENT 
LEVEL) BY THE SUBSYSTEM 
SHOCK WAVE MODEL 
1, Seward- 
C h i c a g o  -32 
2 .  Chicago- 
Calvert: -29  
3 ,  Calvert-  
TABLE C-4 
THRESHOLD VALUES FOR DETECTION (ONE PERCENT 
LEVEL) BY THE SUBSYSTEM ENERGY AND 
SUBSYSTEM DISCONTINUITY MODELS 
1. Seward- 
Chicago I -.77 1 -.I1 / -.73 
FREEWAY 
SUB- 
2 .  ci l icrgo-/  1 1 
C a l v e r t  - .53 - .33 -.30 
3. C a l v e r t -  
Glendale1 -.42 1 -.76 1 -.68 
I 
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( 4  peak 
p e r i o d s  
1969 
( 8  peak  
p e r i o d s )  
TABLE C-5 
STATION ENERGY MODEL STATISTICS 
a : T h r e s h o l d  Va lues  f o r  D e t e c t i o n  
STATION 
Seward 
Ch icago  
C a l v e r  t 





Ch icago  
C a l v e r t  
G l e n d a l e  
b : Extreme Minimum Va lues  Observed  Dur ing  a n  I n c i d e n t  
EXTREME VALUES OBSERVED 
* : S i g n i f i c a n t l y  ( S , )  o r  Not  S i g n i f i c a n t l y  ( N . S . )  Different 
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1.56 
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.11 
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Max. 
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1 .60  
1 .56  














S t d .  Dev. 
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C a l v e r t  
Glenda le  
Seward 
Chicago 
C a l v e r t  
Glendale  
- RAIN 
Mean * S t d . D e v .  
.72 N.S. .45 
.56 S. .33 
. 7 1  N.S. .39 
EXTREME VALUES OBSERVED** 
Min. 
DRY WEATHER 




. 71  
.72 
EXTREME VALUES OBSERVED** 
b : Extreme Minimum Values Observed During an I n c i d e n t  




. 4 4  
Max. 
1.00 
. 9 1  
1.00 
1.00 
* : S i g n i f i c a n t l y  (S.) o r  Not S i g n i f i c a n t l y  (N.S.) D i f f e r e n t  
(.05 Level of Confidence) Mean from Dry Weather Mean 
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TABLE C-8 
SUBSYSTEM ENERGY MODEL STATISTICS 
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b- : Extreme Minimum Value  Observed Dur ing  an I n c i d e n t  
EXTREME VALUES OBSERVED 
* : S i g n i f i c a n t l y  (S.) o r  Not S i g n i f i c a n t l y  (N.S . )  D i f f e r e n t  
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bt : Extreme Maximum Values  Observed Dur ing  an I n c i d e n t  
EXTRENE VALUES OBSERVED 
* : S i g n i f i c a n t l y  (S.) o r  Not S i g n i f i c a n t l y  (N.S.) D i f f e r e n t  
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CALIFORNIA INCIDENT DETECTION MODEL 

APPENDIX D 
CALIFORNIA INCIDENT DETECTION MODEL 
The C a l i f o r n i a  i n c i d e n t  d e t e c t i o n  model c o n s i s t s  of 
t h r e e  success ive  " t e s t s "  involving occupancy changes i n  
time i n  a subsystem ( 4 1 ) .  The t e s t s  a r e  conducted once every 
20 seconds. The flow c h a r t  on t h e  following page (Figure D - 1 )  
d e t a i l s  t h e  model l og i c .  
Tes t  One*: 
*Not used i n  t h i s  research  
Tes t  Two: 
T e s t  Three: 
Where : 0 (klj) = average occupancy a t  kLL' 
d e t e c t o r  s t a t i o n  dur ing 
minute j (one minute average) 
i = upstream d e t e c t o r  s t a t i o n  
it1 = downstream d e t e c t o r  s t a t i o n  
j = time i n  one minute increments. 
Test 2 
CCUPAW~IIGE 
AT TILIE j 
* 
Declaral.ion must be con f i r l~~ed  
by Tes t  2 i n  succeeding minute. 
Freeway Subsystem 
j = T11nc i n  one minute increments 
i - Sta t ion  number 
@ ( i ,  j) - 011e niinute avt,ragc l a n e  occupancy a t  s t a t i o n  i, time j 
n - Piunibcr of suix,ystems 
z (i) - Threshold v a l u e  for detcrrnin~ni:  termination of incicicnt 
F IGURE D - 1  
CALIFORNIA INCIDENT 
DETECTION FLOW CHART 
A t e n t a t i v e  i n c i d e n t  d e c l a r a t i o n  i s  made a f t e r  a l l  
t h r e e  ( o r  t h e  l a s t  two) c r i t i c a l  K parameters  a r e  exceeded 
i n  o r d e r ,  t h e i r  v a l u e s  be ing predetermined from h i s t o r i c a l  
t r a f f i c  c h a r a c t e r i s t i c s .  The d e c l a r a t i o n  is confirmed i n  
t h e  succeeding minute when t h e  second t e s t  aga in  passes .  The 
t h i r d  t e s t  i s  expected t o  s i g n a l  on ly  once, o r  a t  most twice.  
The end of t h e  i n c i d e n t  i s  s i g n a l e d  when e i t h e r  t h e  K 2  para- 
meter r e t u r n s  t o  a  l e v e l  below c o n t r o l  f o r  t h e  f i rs t  t ime,  
o r  t h e  downstream occupancy f o r  t h e  f i r s t  t ime exceeds t h e  
occupancy l e v e l  immediately preceding t h e  i n c i d e n t  d e c l a r a t i o n .  
Table 3 p r e s e n t s  t h e  r e s u l t s  of  a p re l iminary  s tudy  of  
t h e  performance of  t h e  model. Changes i n  t h e  K1 parameter  
d i d  n o t  a f f e c t  t h e s e  r e s u l t s .  

APPENDIX E 
DOUBLE EXPONENTIAL SMOOTHING MODEL 

APPENDIX E 
DOUBLE EXPONENTIAL SMOOTHING MODEL 
The exponent ia l  smoothing model g ives  a p red i c t i on  of 
a t r a f f i c  stream v a r i a b l e  f o r  t he  coming minute based on a 
l i n e a r  combination of a l l  p a s t  observat ions .  P a s t  observa- 
t i o n s  a r e  discounted geometr ical ly .  The most r e c e n t  value  
i n  t h i s  research  was given weight 0.3, and previous values  
were thus  weighted 0 .21 ,  0.147, 0.1029, e t c .  The doublle 
exponent ia l  smoothing modif icat ion t o  account f o r  t rend  i n  
t h e  d a t a  stream is  e s s e n t i a l l y  a smoothing o f  t h e  smootthed 
d a t a  stream. The following exponent ia l  smoothing formulas 
a r e  taken from Brown ( 7 )  . 
Sl ( t)  = a x ( t )  + a S - 1  Exponential Smoothing 
Sl ( t)  = smoothed va lue  of va r i ab l e .  
a  = smoothing cons tan t  (0 .3) .  
t r a f f i c  v a r i a b l e  value.  
t = c u r r e n t  minute of observat ion.  
Double Exponential 
Smoothing 
The p red ic t i on  f o r  t h e  coming minute i s  developed from t h e  
above smoothed values  by means of t h e  following equations.  
A s  der ived by Brown, they a r e  t he  means by which the  model 
c o r r e c t s  f o r  t rend  i n  real - t ime.  
h 
x (ti-1) = A ( t )  + B (t)  Parameter P red ic t i on  
Where : 
A ( t )  = 2 Sl ( t)  - S2  ( t)  Coef f i c i en t  "A" 
a 
(S ( t)  - S 2 ( t ) )  Coe f f i c i en t  "8" B ( t )  = -m 1 
Exponential smoothing i s  computationally e f f i c i e n t .  
The f i l e  of h i s t o r i c  information f o r  each d e t e c t o r  s t a t i o n  
c o n s i s t s  of t h e  two smoothing va lues ,  Sl ( t)  and S2 ( t)  .
The computation of t he  s tandard dev ia t ion  from t h e  d a t a  
stream i s  a f a i r l y  involved process t h a t  i s  g r e a t l y  s impl i -  
f i e d  by using t h e  mean abso lu te  dev ia t ion  as  an es t imate .  
Brown showed t h a t  t h e  mean abso lu te  dev ia t ion  i s  propor t iona l  
t o  t he  s tandard  dev ia t ion ,  and t h a t  t h e  cons tan t  of pro- 
p o r t i o n a l i t y  i s  approximately 0.8 f o r  t h e  normal and seve ra l  
o t h e r  d i s t r i b u t i o n s .  I n  t h i s  s tudy,  t h e  mean abso lu te  
dev ia t ion ,  MAD, was obtained by s i n g l e  exponent ia l  smoothing 
of t he  abso lu te  values  of t h e  dev ia t ions  of t h e  a c t u a l  para- 
meter value  wi th  t h e  pred ic ted  value.  
MAD ( t )  = a I E  ( t )  1 + ( l - a )  MAD (t-1) Mean Absol.ute 
7
Deviation - 
E ( t )  = e r r o r  of p red i c t i on ;  
A 
x ( t)  - x ( t )  . 
a = smoothing cons tan t .  Taken 
a s  0.1 i n  t h i s  r e p o r t .  
I nc iden t  d e t e c t i o n  was accomplished by means of t h e  
t r ack ing  s i g n a l  which i s  t h e  cumulative sum of t h e  p r e d i c t i o n  
e r r o r s  d iv ided  by t h e  c u r r e n t  mean abso lu t e  dev ia t ion .  
TS ( t )  = Y ( t )  / M A D ( t )  Tracking S igna l  
Where: Y ( t )  = Y (t-1) + E ( t )  Cumulative Er rors  
Y (t-1) = p a s t  cumulative e r r o r .  
c u r r e n t  e r r o r  of p r e d i c t i o n .  
Both t h e  mean abso lu t e  dev ia t ion  and t h e  t r ack ing  s i g n a l  
r e q u i r e  t h e  s to rage  of only  one b i t  of h i s t o r i c  information.  
An i n c i d e n t  was de t ec t ed  when t h e  t r ack ing  s i g n a l  dev ia ted  
beyond t h e  range t h a t  could be a t t r i b u t e d  t o  random va r i a -  
t i o n  i n  t h e  observa t ions .  I n  t h i s  r e p o r t  t h e  range of t h e  
t r ack ing  s i g n a l  was t e n t a t i v e l y  s e t  a t  p lu s  o r  minus s i x .  
The e x p o n e n t i a l  model r e q u i r e s  i n i t i a l  e s t i m a t e s  of  
t h e  above smoothing v a l u e s ,  Sl (t-1) and S2 (t-1) . I n  t h i s  
r e p o r t  t h i s  was accomplished by s e t t i n g  both  v a l u e s  equa l  
t o  t h e  mean v a l u e  of  t h e  f i rs t  t e n  parameter  o b s e r v a t i o n s .  
The mean a b s o l u t e  d e v i a t i o n  was e s t i m a t e d  from t h e  s t a n d a r d  
d e v i a t i o n  of t h e  f i r s t  t e n  o b s e r v a t i o n s  w i t h  t h e  fo l lowing  
e q u a t i o n ,  assuming t h e  parameter  t o  be normally d i s t r i b u t e d .  
 MAD(^-1) = d m  [~7773$ I n i t i a l  MAD Est imate  
X 
I n  p r a c t i c e  t h e  e x p o n e n t i a l  smoothing model promptly com- 
p e n s a t e s  f o r  inaccuxac ies  i n  t h e  i n i t i a l  e s t i m a t e s .  The 
e s t i m a t e s  should  be  r e a s o n a b l e  enough t h a t  f a l s e  d e t e c t i o n s  
do n o t  occur  i n  t h e  f i r s t  minute of  o p e r a t i o n  a s  a  r e s u l t  
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P r o j e c t  Statement  
Research P r o i e c t  T i t l e :  
Optimizing Freeway Cor r idor  Operat ions Through T r a f f i c  
S u r v e i l l a n c e ,  Communication, and Contro l  
General  Problem Area: 
S p e c i a l  P r o j e c t s  
Research Problem Statement:  
To meet p r e s e n t  and f u t u r e  t r a f f i c  demands, t h e  combined 
freeway and s u r f a c e  s t r e e t  system must o p e r a t e  more e f f i -  
c i e n t l y .  Freeways through heav i ly  developed a r e a s  have 
l i m i t e d  right-of-way which p reven t s ,  on an  economic b a s i s ,  
t h e i r  r e c o n s t r u c t i o n  f o r  inc reased  c a p a c i t y .  P r a c t i c a , l  
measures f o r  i n c r e a s i n g  o p e r a t i o n a l  e f f i c i e n c y  of t h e s e  f a c i l i -  
t i e s  through h e a v i l y  t r a v e l e d  c o r r i d o r s  should be  developed 
by jud ic ious  a p p l i c a t i o n  of t r a f f i c  s u r v e i l l a n c e ,  comrr~unication, 
and c o n t r o l .  
Urban freeways comprise a  major p o r t i o n  of t h e  t r a f f i c -  
c a r r y i n g  c a p a c i t y  of t h e  t o t a l  v e h i c u l a r  r o u t e  system i n  
American c i t i e s .  I t  i s  be l i eved  t h a t  s u r v e i l l a n c e ,  communication, 
and c o n t r o l  o f  t r a f f i c  on freeways a s  w e l l  as on t h e  supple-  
mental  s t r e e t  systems can be improved, r e s u l t i n g  i n  b e t t e r  
s e r v i c e  t o  t h e  motoring p u b l i c  a s  a  whole. 
I t  i s  d e s i r e d  t o  apply t h e  b e s t  t r a f f i c  s u r v e i l l a n c e ,  
communication, and c o n t r o l  t echn iques  i n  a  t y p i c a l  urban 
freeway c o r r i d o r  and t o  s tudy  t h e  r e s u l t s .  Innova t ions  t h a t  
may be  expected t o  enhance t h e  o p e r a t i o n a l  e f f i c i e n c y  should 
be explored .  
The Na t iona l  Proving Ground f o r  Freeway S u r v e i l l a n c e  
Cont ro l  and E l e c t r o n i c  T r a f f i c  Aids l o c a t e d  on t h e  John C .  
Lodge Freeway i n  D e t r o i t  has  been e x t e n s i v e l y  equipped f o r  
freeway s u r v e i l l a n c e ,  and t h i s  freeway and t h e  a d j a c e n t  
c o r r i d o r  i s  des igna ted  a s  t h e  s tudy  s i t e  t o  develop and 
e v a l u a t e  improved s u r v e i l l a n c e ,  communication, and c o n t r o l  
t echn iques .  
O b j e c t i v e s  : 
1. Determine method(s )  f o r  i n c r e a s i n g  t h e  e f f e c t i v e -  
ness  of  t h e  system which invo lves  t h e  freeway and t h e  
a d j a c e n t  s u r f a c e  s t r e e t  network w i t h i n  t h e  c o r r i d o r .  Eva lua te  
t h e  methods on t h e  s t u d y  s i t e  w i t h  o r  w i t h o u t  t h e  use  o f  
a d d i t i o n a l  hardware. 
2 .  Recommend equipment c o n f i g u r a t i o n s  ( t h a t  i s ,  type  
and l o c a t i o n )  f o r  t h e  improved system which w i l l  r e p r e s e n t  
t h e  optimum ba lance  i n  c o s t - e f f e c t i v e n e s s .  


